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It haa been ect^lished by V« C. Stug>iro (Sc D Thaaie M.I.T. Caatbridga, 
Ncmhi., August 1953) tbet buoyant noored object# avlbjeeted to wave forces will 
obey the equation of aotioo for forced vibratione with eqiuare 3 aw deeping* 
This e<iuati<» way be esqpreeaed aa: 

Mjc* +- Cg i ^ Kx s Poes eoe to t 

An approximte solution for this zx>n-linear aqu*tion has been preeexited 
by Jacobsen and it is this solution shich was the basis for predicting hydro* 
dysEURoie foroas on the test codel used in this study* Sha siodal is bast de- 
scribed as a atreasslined body of revolution, ellipeoidally ahsped but not 
poaeesaing fore sod aft synoatry* 

Saperisental results obtained in tbe 90 ft wave tank of the M.1*T. 
Hydrodynanics Laboratory confirsed that the spproxinate aolutioo to the sksd- 
llnear equation did adaquataly describe the behavior ot tbe object under the 
Influence of wave forces. 

As a result of the investigation it was poMlble to cospare the hydro- 
dynaaic rei^nse of the test siodel to that of a spherical shape which was the 
aodel for ^spire's analysis of the problem* 

The comparison revealed that for such shagpes of eqiual volume in similar 
wave and laoorlng conditions, the stressdined body would esQwrience on the or- 
der of aaaller byxirodyiisisic force th«ci the sphere. 

This can be attributed, in large measura, to the greater drag resiateace 
of the streamlined ehagpe an the mooring radius of oaoiUation ia reduced* The 
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radius of osculation Is def inad as tha distance froa tte c^mter of gravity 
of the body to the coosaon point at which the Kooring lines are flnsd to 
tha bottoia. In forced oscillatory ootloa It is tha drag/ or reslstanesf 
which provides dasplng la the qrstesx. While the strescllsed body has less 
steady state drag resistance than the sphere. In osciUatozy ooored sotion 
the sltviatimi Is reversed. Early fluid SQ>aratlon sod cooseqwent energy 
loss In the esse of the oselUstlng stresssUoed body Is believed to be the 
prlaery reason for this Increase In dreg* 

A second objective of the study vss to datenklne the result of vsry<> 

Ing centerllns depth of the body and to deten&ine if an optlsau: depth for 
shallow water ooorlng could be establiahed. Noq>tlzs3xa depth waa found, 
hut tbera was a depth of ccstarllne auhoergence at idiich aaxlmuB forca 
aagnlflcation oecurred. Shla dapth should ha avoldad. It waa found that 
the deepest posslhls depth would be aost desirable although e necessary 
limltstlon would be to refjuire that the object be aoorad bl|^ enough ao 
that it did not strlka bottom during the soat vlolest oaeiUatory sxstlon 
anticipated. 

Tha a3Q>erlMotal procadura waa to aubjact the nodal to wave forcad 
oscUlatlona at cantarllne depths of l.bO, 3.4^ and 6.49 dlasKtera varylxig 
nodal weight throu^ succeasive Increnenta at each depth la order to pro- 
duce varlabla natural frequencies. 

Tha cost interesting aspect of this study proved to be the iraurlstlon 
In the coefficient of drag for the oacUlatlng submerged body as tha radius 
of oscillation was chsnged. lbs results indlcstad that an aceurata datar- 
Klnatlon of drag for this condition is cssentisl to insure sound pradictlona 
for Its behavior In wave forced oscillation. Further study la suggasted to 
h^rove the Method of evaluating the coefficient of drag aa a function of 
the radius of oaciUation of a aubaergad body. 
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c z daqpiiig coaffici4N3t 
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(.i«) mkx%ip» ^ bmLl9i> • 
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C^m GTltlCSl eMfflclcot 

C 2 ^ B^uKTS lav damping coefficiont 
D « di—rtT» ft. 

* subscript "D" refcrrluc to dsmg ocK^KUMot 
T 3 fore* lbs. 

FqS csatrli^ji^ tarc9, lbs* 
fy“ Blac k in g force, Iba* 
f 3 wove ftaquaocy or forcing fre^Mxicy, epa 
Fq 3 tMtural fzcq^iMqr, epa 

3 g«cpod natural fra^paency, epa 
g 3 aecal«rstioD of gravity, 3^.2 ft/aoc^ 

B s wave height, ft. 

-g 3 Bubacxlpt *'B" referring to boriaoatal cciqpoaant 
h • total depth of vater 
I 3 fiOBant of Inertia, slug ft^ 

X^s nocant of inartla at>out object center of gravity, bIu^ ft? 
X* • virtual aaaa xaaaaaat of inartla, slug ft.^ 

«j s BubBcrlpt "X" referring to inertia coi|>onertt 
K » added aaBB coefficient 
k 3 iprlng eonatent, Ibe/fb. 
li « wave length, ft. 
t « noored radlua of oeciUation 
M • caea of diaplacad fluid, slugB 
Mg * Blacking Kosnent, ft* Iba. 
m 3 aaBB of test c^jeet, eluga 

m Btlbacript "a” referring to gmxiMAa value 
M 3 not bupyaney, Iba* 

Xxi « Beynolds xmsber 
y^g^,S2 * Bqguare l&v daeping fKtor 
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= ffubeeri^ ”o" rtferrlos to rigidly restrainod coodltloas 
P > driviag rore«, Um* 
p s pwasury, 3Jb»/rt/^ 
q. « dseqped xuttural trtfOMwyi radloM /mc 
T s wire period^ see 
t tia*« MC 



u * iKurlzosrtal cccposwt of ptortlcle veXoeity, ft/Mo 
fol 2 vd1w», ft^ 

« vubacrlpt "V*' rieferrtDg to yeartieal coqpotwit 
V s vertical eospeoumt of part^lo veloaltyf ft/aec 



X $ ooordlxMKte parallel to dlrectloa ef vave propagatliMi 
positive iB direction of eave propagatios, ft* 

% « coordinate peiyendlcular to direction of neve propagation segative in 
direction daeaMerd froo eater free surface, ft. 
i (delta) « logarithmic decrement, damped free vlhratioas 
3/ (nu) * kiomcetlc viscosity, ft^/sec 

7T (pi) - 3*1*»1.... 



Q (rho) a density, slugs /ft^ 

(sigea) • wave an^ilar frequeix^, radians /see 
T (!Tau) > torqios, ft lbs* 

<f> (phi) a phase shift angle, degrees 

ijJ (psi) a mooring line eagle, degrees 

CO (omega) a radian fTe^piency ^ &7T t, radlans/sec 
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I. IHTRODUCnOM 



1. Purpose of Study 

This study ms txDderteken to detenalne the effect of shiQ^ «od center* 
line de^tb on the dynasdcs of a stoored autnierged object In vater vaves> a 
problem ifhlch falls Into the general class of forced vibrations dynamics. 

A stnele moored buoyant object of streamlined shape not possessing force 
and aft i^rraoetry vas considered In this Investigation. The object vUl here- 
inafter be referred to as an ellipsoidal shape » The mooring configuration 
consisted of tso essentially inslastic lines attached at either end of the 
body shlch uniquely pirescrlbed the path of motion in a plane parallel to 
the direction of wave prcpogetlon. 

The motion of tbs object is due to a periodic wave fosrce which le op- 
posed by the inertia force of the object, the combination of buoyancy and 
QOozlng system force, which acts as a spring (restoring force), and by vis- 
cous effects of the fluid. 

As in all vibration problems the most isportant dynamic parameter 
Is the ratio of forcing frequency to the natvural frequency. The natural 
frequency of the body idien dli^laced trem the equilibrium position in 
still water, and then released, is a function of various characteristics 
of the object aaid its mooring system. When the ratio of forcing frequen- 
cy to natural frequency is near unity the system is said to be in reson- 
ence. In the problem under consideration it was found that the moorixig 
forces and object motions depended to a large extent on the ratio of the 
wave frequency to the natural frequaocy of the moored object. 
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jtL.'* ^ .X 

&M ■ny^''^ ^ /avtld ^PtLaroKJnl, ci m^TsaStses •«*# hXMt 

« 'taiav ai au^4u imToern s t*- •oJ:aMr7> a>o « iiftii 

mntmmfKfh a^j:dm<iJLT to ai■^<^ .CaiOTtB «M 'vrtu 

•ct;o 1 8*^— sfaiia fe«CLtXi»*»'i*e to *inr*cosuJ Iwviom ©X^oj* A 

-eruMl JCUtv .arx4^X?««*ni: ru ami Xt» feaa 

czjt^yu^tuoo fiaiLi& *TI lAfjlotoirX/c m jn £>j •< T>*^texU: 

«a^ lo do* rBbd*t.9 P^:ia^iS'jm aaatX ol^lvXatfJl o«r^ t« Iik*^iiuw]» 

CK^ I*iIXjn»q ifiBlq • ."jJ: aoi^s-a to >xfi I>s>d.'’.noiv *»t *5X9<vio»J rfoi;*if tPucf 

. aoJ -fa^T^Tcq fW to t«>i?%r)u6 <lld‘ 

-5^ «i iloXifw ar.w oil>oi:'X9<l * tpaida ixii ^*j £toi:Paa otHT 

:Um \;s»aavxjtf "K Ml Vkoxapoo tiAj- ^jia/dTo to oo-ioT Alartsci a&J- x‘^ 9mmoq 
-«jhr \;cf Jbm aciTOc^Bs^) aotTi^ a cm a^^^ toyio‘1 *t9?a\s gat'iooct 

.£itirri; adJ’ tc atodlts ^foa 

ta&mm’xeiq olm£r(b itw^sogai .tso» i*IX sasf.ilrrcq; aotJ^rojtv XX0 ccX 
Xem^J’sn jdT .xacaupanl laiu^x cd- [ocuKpi^fi fiJ:s':at to •ttt aii 

aX ctoxc?l#i3q xBi/i’tcIlXiijps mtU i»cit ikfcfiJiXvcxb \bod adt to Y^««up*at 

s^irxev to s u/ Aec tT?*Xsv XXX^a 

>aam««r3t 8»uoridt to oii'js'i »d; asiW^ ,maX3^:a j*#-5n~>a« Jtj'i to 

ting~n clT ^ ^ 4tfc cX iMC«et* 'rsaa cj r-rnsL'^’S'Ct Xsxbaisn 

^cJt'tocif df tti£X C0W G»tX;^'re^< •i':;)i* r»Xo*A, al .aeon 

atlJ to oXJaa aAx ot« ia.9iOi<t* Wtai * .t«vIdo cavaot 

t .bsrosi arlX^ to rnoct'po'xt «kIi c:t ^aricioa^t avcv 
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This iznrestieatloxi vas carried forth aa an extension of a previous 
etudly conducted «t the BydrodjnMelcs Laboratory of M.I.T. in vhlch a 
precise analysis of a spherical shape vas presented* As a result of the 
present study it is possible to cospare the hydrodynamic effects of vave 
foirces on a q;>herical and ellipsoidal shape with equivalent volusses. 

An additional peraiBoter Introduced in the problea has been the varia- 
tion of centerline depth of the eIll3;>soidal shape. This vas accosplished 
by changing the length of the morlzig lirns. The length of the laooring 
lizks plays an ijiportant role in determining the dsaping coefficient of 
the system. In addition the rigidly restrained force cm the body is a 
function of centerline depth. 

This facet of the study vas of Interest in order to establish an 
optimum depth; vlth respect to hydrodynssilc fcnoes, at which to locate 
the body. 
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2, Msthod of lDTC»tlgatlon 

One objective of the eaperlssental progma w»6 to detersnine the effect 
on mooring line forces end object motions due to Tarletloos In the ratio of 
the vave fre<]uenc 7 to the natural frequency of tiie object and thus to obtain 
results vhleh could be c<»qpared with corresponding quantities found prerious* 
ly for a spherical shape. A single wave of desired characteristics vas esH 
ployed and Tariatloa of the freqia»ncy ratio vae realized by changing the 
weight of the object. Submergence of the object was changed by varying the 
length of the tx>orlng lines in order to accccpllsh the second objective of 

a 

the program, determination of the effect of centerline depth on force mag- 
nification. 

IDi order to obtain a measure of the mooring line force magnification 
with req^ct to the rigidly restrained force on the object la the same wave 
field, the object was held stationary and the horizontal muS. vertical wave 
form cosponents were measured by electrical transducers recorded on a 
Ssnbom osciUogiraph. 

3» Scope of Study 

!The significant dimenslaos of the test program are shown in 



Figure 2 sad Tsble 1 
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TABUS I TES5 CONDITIONS 
Wqw end Suboergejoce Cbaracterlstlce 



k. 



Centerline Were l*re^ 

Rxms Hel^t Ft . Length Ft . Period Sce « Fre<i Cps Depth Kact Pre c > 



1-12 


0.289 


14.45 


2.00 


0.500 


0.291 


It 


0.833-2.78 


13*23 


0.289 


14.45 


2.00 


0.500 


0.720 


ft 


0.707-3*00 


2^.35 


0.289 


14.45 


2.00 


0.500 


1*352 


ft 


0.548-1.69 



13je wmve ateepnes* for these testa is E/L a 0.02 
This vsve v«8 selected in order to serve as a basis for conparison with 
the aMtjrel. c«riM «t hjr Shuplro .teejme.. Olo« the 

•V 

use of the first approxliastlioa estpresslons for the wave klneMstics due 

( 2 ) 

to Airy which^ according to Marlow ' are valid up to a wave steepness of 

0.03. 
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1 . Introduction 

The theoretical develqpzaeiit trill, to a certain extent, parallel the de« 



aycteos and forces studied differ only with respect to shape, vel^t end 
centerline suhraergence of the object. The foroes Involved trill be governed 
by the sane fundssiental latrs of hydroncchanlcs and vibrations. 

2. Wave Motion Theory 

7he hydrodynamic forces on .the object are the result of the water par* 
tide velocities and accelerations in the wave system, hence it is appro* 
prlate to consider the theoretical eq^aatlons which will define these quan* 
titles. 

Ih the esqperlmental procedure a wave of b/l ratio 0.02 was enployed 
which can be successfully treated ^^^accordlng to Airy's solution 
for the small amplitude wave. The resulting equations for velocity and ac- 
celeration cooponects, e^cpressed In the notation of figure 1 are: 




7TH 
u - T 



Cosh 27T (h-f- z) 



L 



sin <rt - Ua Sin (r't (1) 



Sinh gvT h 



2iT 



Sinh L (h -+* s) cos tr't ^ Vm coo t ( 2) 



L 



TT H 

V . T 
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>9db IsLLirieq a c-^ i*s._fvt.«^«l# tsfT 

laoi^ac. •■ij Ja«i *•© »- »iifr cai^BariS a it»"»-.l rtnmfpltyv 

sam ifri\lyv <y^ Joeijs^'t /iJ-iv x^a» utTii) asi.Dii.‘« BiJsnLol -tea 

Jbaanr/o# s<f XXi*' (•o'rioYil Mm*.! tsTT ,iis»v<ic* ■♦i' -o %o«ii®r-'?3i»-*aa aAil-ja/aa© 
. sool;f9cni;v •3X£^vioarvrdr//f 'l« j.s toMwaJ^ozA MMa 

Y~^3>nT 9%}^ .$ 

•'’Utq, Z&SKV #rf;t io Hubert <»i3 <fo&i<Sr> uiS sm is-cyxol 3i.tf»cr'i;6crcfc>p adT 
-o*£(jqR eJt; aoaad ^xeeJrva avew adJ tif: ac»ii £«» ssl^iooXar aloii 
'■a&ij£> aasrii’ acLtlsib UOm isidM *aoli£-.*pt ijst Id’s^tOfcW erfJ' i»Maaoo o* a#ai'xq 

l>a'ioI^w» 8flw SC.O il\li w&v a enmbBOiyiq, I«3‘aatJ;i9i^jc» aAi al 

aoliulvn a'x^tk oi gctli.'iooas^*^ fioia*- J- v;XXi/i8fc»3ai*o sd caso riDixfa 
-oa ti£U5 ■\jjiojIsv •rtoiXsi'p© garcJJjx8«a srfT .»y*v •imilLqp’u Ilamc eriX "icl 
:*Te X ©lijj.l 'I'? ao.tJsXoj sftX ci X>»*a»zqjt9 ^aS-rtanoqpKfD cto-ti«^»X»3 

(a IfS dttuO J?.'^ . 

(I) CIS f<7 - cin X f” ” V 

d ilfttS 

I^S ) afro a'J i eoo (a ~f~ ri) T rida H 
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du coo (f t 



( 3 ) 



L 




Sinh 2 TTh 
L 






The tspeed of wave fore propagation or celerity la - 

Celerity - I» ^ L t«nh 2_£h 
T [2 r L " 

3. Wave Forces 

The force esserted on • sutsf^rged rigidly restrained body la tha re- 
sult of Inertial, gravitational and vlacoua effects. The inertial effect 
results from unsteady water particle notion described by tbs above e^|[ua- 
tlons. In addition there is a bydrodynsmlc drag force on tbs body which Is 
the sum of surface and form drag and is due to the velocity of the fluid. 

For the purpose of analysis the total wave force nay be separated into 
Inertia and drag coetponents with the sun being the total force, es given by 
O'Srlen and Morison ( 4 ). 



In this e^^resalon the inertia force can be shown, by potential flow 

theory, to have the following form - 

Fl = Vol ^ (7) 

dt 

where the mass term p Vol Is the displaced volume of water and the coef- 
ficient inclvides the virtual mass effect and gravitational effects due 

to the pressure- gradient occvirring in surface waves. 



r Fl + Fp 



( 6 ) 



(e) 



i ujo i>t str> ^ •+ ■ ) t IV i - mA 

' ^ T& 



T 



( 4 ) • '!> i't# (f •*• dui^ 

i •* iitiw ^ 



- IJ '•!*-dI*T> '!•) Jloi.+OfS^V.r’j^ rfWx t^YOi/ 1c II 



wlT 



.t\_? J ^ 

■ 



- J - \Jf£%Sj^O 



tiyarK^ gv ^ .,» 

-©TC WJ- ai bafU^-vj^voi a »o Md^siaw mS7 

dooTia Imi.d'ioai s^ . *v*^V^ »*h»aoklY ixM Iac»idaJj^Ar::s ,XftlJ~iaai 1c> iX/*e 
-isupo 9voo> MUf fiel^foo aloltviq *£©ii«v Y^eJKBk* nfcrx'IV adixA^ 

aJt iloLchr \bc<S adt r«r> k>^'>^ %/Kfrb »JL-vurcfi*^WVi ^ 8i noidlJbJte cl .e.acl& 

.b±>sXlii ©rid to ’.diac.Cav sdf ct m.b »i >ob yxb «tol icut sr«1x’^ To 3tA adt 

oitei: &B*sncs< 7 r 8 jcf v«^> i.‘.n.* svir^f Xa'o/ st-d »i?xi#o* To vao<i,'ii5% ©cVd 

’^d aavXg «c -jjdivi i«ij' va sdj 14 •v ai-tcfin Zx# 

.(•>^) aoaii't%A trftc i*9liS'0 

(a) a^ -► f - I'l 

\6 .oipoda »d c&o s.i;t^snl. lAS ttcla at xq?c» elxid nl 

- «r»^^ s<t* »v»t( cd 

(T) .ak -foV I’V 

15 

-T9O0 aaid A«ie 'xadav *xo .£)MiIq(Rii> eidd «1 jCoY 9 £ziad omt visidw 

aiil> edo«ll» Ixtcnjca^tirvBxa torn aMc a«f aolu/Xml; .3 *u»ioXl 

.aavcv/ soBlii/s ni gnxixjooo daexiJBig axuaasiq eirid >d 
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dr«g force ie ^ 

Fj, s Cj, ^/2 knm U (8) 

vhere Cq i» a function of sbaipe axtd Reyxx>lda ouciber and area ia the pro- 
jected area of the body oo a plane nonoal to the i»elocity« 



£qiuatlon (6) oey be revritten in tema of the vove particle velocity 
and acceleration eapreaaicna: 

^’Total * ^ ^ ®D ^ 1*^ ^(9) 

Vhere «)d are aaiMoed ctmataat over a vavo cycle. 

■% 

£<puition (9) nay be eiq;>loyed to evaluate Cq and uaing ei^niaental 
reaulta, but coBaideratioo auat be givw3 to the relation betve«i object and 
wave characteriatlca. Thia nay be csqpreaaed aa a dlxenlouleea group known 
aa the period paraneter^ U T, 

Kaulegati and Carpenter {^) found that and are fuxietiona of the 
period pareneter. At valuaa of period pezvaaeter leaa than 19 Inertia forcea 
predoolnete while at high value# of tiWI drag forcea pradoainate and the ateady 
atate value of the drag coefficient vUl apply. 



The period peranstera involved in thia aeriea of teata are Hated in 
Table II. They Indicate that inertia forcea My be e^^iected to doadnate 
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the total force on the object* It say be ejipectcd, therefore, that the in* 
ertia coefficient found by eqiuatl<»3 (9) vlll be In close agreement vlth the eo» 
efficient gl^^en by potential flcnr theory vhlle the drag coefficient icay be ex- 
pected to differ from the steady state value. For the object Involved 

in this study the potential flow theory coefficient of inertia vlU be of In- 
terest. l^andveber (6) gives the longitudinal Inertia coefficient for a znoj^r 
of atreasilined bodies not possessing fore and aft symetry. By interpolation 
betvi^n tvo of these having almost identical proportlona to the body ^lich ia 
the subject of this report, the longitudinal inertia coefficient is found os 

*^(a/b - 5.6) s 0.053 , 1.053) 

!Ihls agrees, vithln 6)>, to the inertia coefficient for an equivalent ellip- 
soid idxlch is also given by Landweber 

K ellipaoid (a/b s 5.6) - 0.050 (C|( r 1.050) 

Tb» steady state drag coefficient for an object of similar shape at the 
effective Reynolds numbers Involved In the test runs (as given In Table 111) 
may be found by extrapolation, from Bouse (7). 

^^^Alrship HuU (Re 2 X 103 . 4 X 10^) ; 0.10 - .08 
!IM8 value, however, may be expected to be In sharp disagreement vith 
the value found from equation (9) due to the low value of period parameter. 

As vlll be shovn, a better epproximatlon for the drag coefficient la available 
through consideration of the free vibration characteristics of the object. 

The method of eaeploylng equation (9) is to set d 1 1 90® and 270®, 

y 

vbere SI - 0, In ordar to evaluata Cq and set (S't ~ 0^ and I80®, where 

s 0 in order to evaluate C^. The separate terms of equation (9) «od 
F F 

their cox:ponezit sums BO and VO are plotted over a %wve cycle In Figure 3> 
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Figure 3. Superposition of Inertia and Drag to Give Total 

Wave Force 





TABLS II PERIOD PARAMETER 
VALUES FOR ELLIPSOID TESTS 


Runs 


Ife t/d 


Via t/D 


1-12 


5*62 


2.30 


13-23 


5.15 


2.U 


24-35 


4.57 


1.87 



In Table II the period parameter la found by substitution from e« 
quatlon (l) and (2) for Ua and ta, 

s gjft Coah 2jp (h^z) (10) 

h 

The niaxliniia cross sectional dlooeter of the body is esgployed as the 
characteristic body dlnenslon. 

The preceding discussion has espial Talldlty for both the horizontal 
and vertical coa^nents of the total force. In the foUovlng develop- 
cent, the particular cocponent under consideration will be Identified In 
m e<iaatlon by the subscript g for horizontal coiqponent,Y for vertical 
cosponent . 

theory qT Mechanical Vibrations 

Only those aspects of vibration theory vhlch have direct implication 
to the present problea vlU be considered. 

Ihe submerged buoyant body inay be treated as a single degree of free- 
dom system with s sinusoidally varying driving force and non-linear daaplcg. 
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For the system thus descrihed dirfersmtlsl equvtioo oF notion Is 
flsea Den Hsrtog as 

laxV CgX*® -h k X = Poo sin iT t (11) 

¥here k x « ^ring force 

CgX^ ■ Sc» Linear Do^iing fo3xe 

ox* : LiMertla force 

Poo sin ot : DriYlng force 

It nay he nestioned briefly that, for the case of crecpiJDg flow, the 
drag coefficient is inversely proportional to the Beynolds cusber, and for 
this case, the dsEping force bocotaes linear. The exact solution for the 
llneerlzed egoatlon is kzMwn (0) but applied to viacoua darping only at 
very low Beynolds numbers. At moderate Reynolds numbers, which obtain in 
the preaent study, the drag farce becoces proportional to tha. aquare of tha 
velocity and the non>llnoar equation (11) oust be «»ployed to describe the 
notion. 

Sy oubetituting en equivalent linear dasping coefficleDt, c,^for the 
square low dstplng coefficient, cgy Jacobean (9) waa able to develop an 
wSfproxismAm aolution to the non-linear equation (11). With thia eubstltu- 
tion equation (11) reduces to 

adk* +• C|^x* kx - Po» sin i»t (12) 

Ihe determination of the deep lag coefficient, C} , will permit the solu- 
tion of equation (12) by xethoda analagous to the solution of the linear dif- 
ferential vlbxatlons equstlcxi. 
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Jacobaen evaluctad tbs s^ulvaleizt tSatqpjijig cocTflclcnt by tbs ezriterlon 
of «<|]alvmlent dlMlpctlw work done durlxtg « oycl*, assusdng tbs osclUa- 
tloa of tbe bssss to be elmtaoXd^. Tbo equctloo relatlxig and it 

2 fla 

pba (dx) dx 2 tel / (dx) dx (13) 

Work* teg (M) y (dt) 

idiere Xs> is the mxlgiun eepllUide of solution of eqviatlon (13 is 
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Q X it 



(1^^) 



Tbs partictilsr solutlcm of interest for equation (12) with defined by 

■s 

option (lU) is 

X 2 cos (irt - j>) (15) 



idiere now 




end 




ntie phase sbilt ^ is given by 
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tsaj^> : {T^ 
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idaers p is the angle \>y iriiicb the oscillations are out of phase with the 
driving force. 

Fi£^£re h is a plot of the siultipllcatioD factor vezmis frequency ratio 
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Figure k. Multiplication Factor for Square Law Damping 




Figure 5« Phase Shift for Square Law Daxnping 



as c<xqputed fros equation (l6) for various values of the parazseter U2\ 

Tbs phase shift as given equation (l6) is plotted in Figure 

5. Analysis of the ELLipaoidal Frohlen 

analysis of the buoyant ellipsoid vlll W treated essentially as 

a problem of vlbraticsas dynamics subjected to quadratic dosplng. This method 

was used successfully by Shas>iro (1) in the sphere analysis problem. 
a. Free Oscillation 

It is necessary first to consider free oscillations of the submerged 
object in order to identify forces acting on the system. Figure 6 is a de» 
flnltion shatch for the submerged ellipsoid analysis. Newton's second lav 
is written in the tangential direction for the element of mass dm 

d Force ; dm Ip X 

s » 

where Ip is the angular acceleration. 

Multiplying both sides of the equation by A gives 

2 

d Torque 2 ^ dm (p 

Noting that ^/jyX^dm z I> moment of inertia of the body about point Qj 
integration over the volume of the body yields 

?■ = I (p (19) 

idxich Is an esqiresslon of Newton's second lav for rotating bodies. The 
torque^ ^ , is the summation of the torques due to all the forces acting 
on the object. In order these are the buoyant force torque or "spring torque" 

Spring Torque z ~ ^ ^ ^ 

; -(Vol pg - mg) i »ln(p (20) 

and the virtual mass torque which accounts for a body of fluid the saese slxe 
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and 8hi^ as the actued hody but havliig a laasa equal to k tJjoea the insss 
of the fluid. 

Virtual Mm 8 Torque v'l' (j) (21) 

vhere I* la the uoaBeot of Isertla of the fluid body about pciut 0. 



Sujsiaing these two torques equation (19) becomes 
- I*(p - (Vbi PS - mg) f Bln <p z I- P 
or (I + I')<^ (Vol pg - mg) ^ fin -0 

If the angle ^ is aseumed to be small, then 


(22) 


sin p a tan ^ ^ in radians ) Snail 

cos ^ ^ ^ y 


(23) 


which permits equation (22) to be written as 




(I+I‘)y) 4- (Vol pg - rag) i o 0 




or A</j 4- B<A> s 0 


i2k) 


where A s I 4-1* 


(25) 


and B ;; (Vol pg - mg) it 


(26) 



The solution for an equation Identical In form to equation (23) if 



filven by Den Bartog (d) and is igi^lied here to equation (2h). 
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The laotlon is alnusoidal with azq>Utvule or Biaxir.um angle ^ and 
frequency 
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Equation (28) will be the basis for the predicted c«tiu:«l freqiiency of 
the objects Xhis is an ijiproxisiation siiace the freely vibrating object is 
subject to deHcping, and the natural frequency^ f depends on the ratio of 
the dsngping coefficient to the critical dazcping coefficient. Eowever, for 
amall daaplng (c/q^ < 0;2), idiich prevalln for the conditions of the pre- 
sent study, the dSHped natviral frequency very nearly equals the undasped 
natural frequency, thia constltutaa the justification for the use of equa- 
tion (28) even thou^ daeping is present. 

A swpl* calcxilatic»j of the uivdasped natural frequency fros equation 

(26) including the evaluation of the coxurtant A la presented in ilppendix A. 
b. Forced Oscillation 

The forced oscillation of a buoyant submerged object with quadratic 
dajqping la a conpllcated problem and requirea a systecatlc approach. The 
flow field in waves is described by equations (l) throu^ (U). All the 
torques tdiich act on the system exist be considered. The technique will be 
to evaluate these torques and substitute their sum into equation (19). Ad 
additional condition to bo kept in mind is that the object will have rela- 
tive Eotion with respect to the fluid and a fixed reference point. 

1) Spring Torque 

This is given by equation (20) 

^rlng Torque » - (Vol pg - mg) £ sin Ip 

2) Pressure Gradient Torque 



plau^ fluid. The total torque is the sum of the horlzcoital end vertical 
pressure gradient force coeponents in the tangential direction. 



TSaia torque depends on the acceleration and the mass of the dis- 



Pres8ia?e gradient torque 
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aril XXA .(4) 4l%w:^S (l) a.iollsxjp» \cf iati*^.oe^ ai asvaw oi Msa^t a*>Xt 
a«f XJJv owpifirio®; ailT .XHnaJilBfiOO ad laue-i &C1 ao lae rio.>iw aaip.^l 

ijA .(QI) nroM*;^-' oIj^ an 'ii»'l ••Jvlllwd'?^ X'sa a-sipTcol s««ril olzixiivV-^ ol 
-aX'»i i'SfZJ JX-'v -c -.’{,''0 9i’l st Bfi-tit « U?3f sri S# w«tli'Jtari5 '-•*!€ iiltfea 
.l^iog larxista'i l«cii a iics JLjuIt t«<l oo 1 •w-^atsi^ ^'iric asi±-»a tivil 

(0?) aol«»aj»© » oX'iT 

»ia 1 (gn - xoV) - s gulif^. 

{8 

«aii> *!ll to aaM »ril i«ao .♦ol-'n'islaioa «Ii •»: MaaqM airtpioi eiriT 
XaDllxav Xaa Xslnca-* od *'X-r to ittce ad' yai>ioJ Xa1v> 1 •«( .JE)ixfi.l £®a«Xq 
.aotmnJA I*J;Tc^<x»t sdi n.‘. al.r*ao»»*oo aorre'i itjatfia-ts 

(QS) >|3 fia Ly ac-n lo# -. oftpTcoi lnt>it«*ijj stoesaTl 

tfc -1 
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iBVolved In the equ£(tion is the is^licit sssvuqtion that the fluid sc- 
celsration is constant over the cross section of the hcdy and is equal to 
the value at the center idien « 0 

3) Ylrttial Mass Tor<iue 

The virtual loass torque depends the relative acceleration 
between the fluid and the object and is vrltten 

Virtual eass torque - l't|/ •+• K vol ^ cos(/^ • ^ tintp )1 (30) 

(dt dt ) 

idiere 1* is as defined in connection with equation (21) 

4 ) Dagping Torque 

The danping torque depends on the relative velocity of object and 
fluid in the tangential direction 
Doping torque ; €2! -t-lu.cos<p 
The four torques described above zaey nov be added and the result 
equated to I (jp In equation (19) 

%r 

fionever, in order to slspUfy this suiasstion the following sssuxptlons 
are laade. 

Assujptlon 1« The vertical cosponent of the socsrlng line force la 
equal to the nat buoyancy X. This is valid If the vertical dynaailc 
wove force Fy la eisall with respect to net buoyancy. Xy this device 
texva containing vertical cc»sponents of velocity and acceleration laay 
be neglected. 

^sugption 2. The drag wave force conponeat is with respect to 

the Inertia wave force cocponent. This has been shown to be valid for 
ssiall values of the period parameter. Period parsnietera for the ex- 
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te4oH VmfxrV (£ 

aoicfa^«l59:«o «vuaJUfS ««r ao^ a&aaQak aaM iJKrv^Jr? uST 

a. 1 . U«B ;To«.«/v mis Sm. aAJ’ 

(0 £) 3l( ^>njta ~ ^aoo jrf») 3 I®v >i -t - aapiuJ* e«aM lat'rf-xiV 

( ;M» H) 

(is) aol.flai^ cUiw o.c aaeiletfc jw »1 ’I siaiW 

fe /pTo T (<* 

J>aa wO»t<^y -o •^J’looXev avl-aala:: ad^ ssc eftawja^) UJirco* stfU 

£:c.tJ’a«>vl:i> x*lja»3««ut Gt Mix!) 
(ltf)^('Vv*\2'V- ivi0 3>i34- + . Sijyioi 

J'lGCfrx sd^ liaa l>afcM acf voa sa'oc'a fj^cltisufet aoifinot •ayfi «d? 

(^X) £X)i;fEj;ip« ni ty I oJ 

=T2 

aoolJgtsiuaaa ;^nlvdXXol sfLt eoitsastxi^ al^T' '^JLCQfAla od^ r.tJyro ci tnsrsvoR 

.aboB arm 

al acrzoJ ectlX sal'XDCa «rii^ d'Gano^sKio XjtoiJ’iav off? «1 
3ijj«ir4& Xasli^anr 9c(^ 11 tilfev ai olifi' .K ^^oaax^MJJ daa add cd Xatpa 
solvsft alri^ •^S .v;or4»*4«i.’rf c^s^ ow «i.tv Ii/»m %I yt a-acl avair 

aollaiaXoooe liaa 1>^ arfrs%*Oi^K) aSiala;fflCO arrest 

.X^oaX^jtki a<f 

od J-ooqos’i riliif Ilaa* el daff'cmoo aonot swj»w je-sX ©cfP nclJqpw# 
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-xa add 10I STiaJaarxa; .viaamarmq ftotnat, aC? lo aatlav Xx*’^ 
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perlosntal russ in this report, ss seen froa Table II, axe less than 15 and 
Bsay be treated, aq^roxiBately, as "sisall." 

Assuaptlon 3 « laDoriog line aoQle (p , is smell. This allovs use of the 
small cDogle sPP2X>ximatiocs for sin (p and cos (p 

Making uae of the foregoing assuaptions the result of the addition of 
torques and subsequent substitution into equation (19) is 

(I +■ r ) (f) C 2 (i|)l)2ji4(vbi fs - a«j r ((K +- 1) roi e du) i (32) 

*- ( dt) 

In equation (32) the term on the right hand side represents the product of 
the horisontal sinusoidally Tarylng forcing function on the object and the 
radius of oscillation and is the exciting torque. 

Therefore equation (32), the differential equation of motion, becomes 

Atp + Cgijj^ ^ B if Z Tluxa^ Cos'd (33) 

where 

A ; I +1' 

B a (Vol ps - mg) 1 
Cg :: Cgi^ 

- f(K 1) Vol jp dul 
dV® 

'O'z 27T t a 2 7Tft a Wt 

In the pirevlous equations, the subscript ’*o" denotes rigidly restrained 
values and the subscript ”m" denotes maxlruar. values. 

Equation (33) is identical in form to equation (11) vlth the substitu- 
tion of parameters of the present problem, thezefore, Jacobsen’s solution 
may be spplled. 
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Figure 6. Definition Sketch - Submerged Object 




Figure 7* Free Vibration of a System with Damping Less than 
the Critical Damping Value 



!Qie solution Is 
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by snslogy vith equation (15) 



(p • (p n cos ( ^ - ^ ) 
vith equation (15) 








(p^ 

and 




(35) 



tan 




(36) 



Figures 4 and 3 grigthically represent equations (35) and (56) respectively. 
Sy cosparlson vith equation (1?) 



vhere is defined as presented in equation (33)* constant Cg is found 
from the drag farce equation (8) vith the cross sectional area of the object 
Inserted. 




(37) 



Therefore 








(38) 



6. Peterminatloo of Test Object Drag Coefficient 



It la necessary to obtain as accurate a determination for the drag coeffi* 
clont, 08 possible. The data presented by Rouse do not extend to the range 
of Reynolds nuid>ers in this stvtdy and further ixiaccuracy is involved, in atteaq^t- 
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jmXfcXllm O jg q ^aaT l o £3oX^attlartg^tgg . ^ 
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-tqpmitM CL-.^bwiaval «1 (aa’£«o3aaA 'tadtuu'^ Aok cfix^a *±dt at srsac^A-x ahloaxeA lo 



« 1 . 

iasg to Bake xim of thia data, due to tbe presence of stabilizing fins and 
mooring appendages on the test object. Also it ‘was shosn earlier that for low 
-values of the period paramter, as obtained In these tests, the steady state 
dr^ coefficient becase increasingly Inaccurate. 

However, ccoisideration of the eug^rlmcntally observed free vibrations of 
the -test object offer a means for obtaining reasonably accurate values for the 
drag coefficient. The e-teedy flow hydrodynsmlc drag force is given by equa* 
ticn (37) 

»'hd : *=b2 

2 h 



For the ca»e of linear daisplng, which vill occur at 'very lov Reynolds nucbers, 






Constant 



Mj. (39) 

vhere CD > (Reynolds nuidwr, shsg^) and Rt^nolds nusber is defined as 



K - u D 
r - 






Substitution of these expressions into (37) yields 
FHD - Constant P Tf Du 







m 



The bracketed esq^ssion is defined as the linear dafiplng coefficient. 

For the case of torsional free vibrations with linear dsnplng the dlf> 
ferential equaticm of motion becomes 

A(]3 Cnij -f- B(p - 0 iks) 

idtere A, and B are defined as in eqiMttlcn (33) sod 

C.s c, 

fhe oolution for an equation of this fom, with dainpii:g less tlwm criti- 
cal, is given by Den Hartog (8) 
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C! end icre erbltratry coc^lex consteote and 



a S 2 



tT f • 



B 
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« 2 
- C« 



i 



(lA) 



!7bl8 iB the aolutlaQ for • dasg^lng smller than C^. It consists of tvo fee- 
tors^ th» first a decreasiJig e^^nential and tbe second a sine vav«« The 
bined result is a ’*daq)ed sine save" lying in the space between the e:gponen> 
tial evirve and its mirrored image as sbovn in Figure 7 after Sen ifortog. 



The rate of this dying dovn is of interest axd can be calculated in a 

8 lr 3 >lo manner by considarlng any tvs consecutive maxiaa of the curve A>B, 

B-C, etc. During the tin* interval between two such naccima, i.o. during 27 T 

, ^ 

seconds, the ecgjlltude of the nbratioo diainishee from »-C|/ 2 At to 
-£i . 

^2 A (t ^ 2 « }.The latter of these two egressions is seen to be equal to 

“r -fh. 

the first 006 multljplied by the constant factor e A q , tdiich factor na- 
turally is smaller than unity. This factor is the sane for any two consecu- 
tive maxims. Independent of the a:^litude of vibration or of the time. The 
ratio betwe^ two consecutive moriiia is constant, the aiqplitude decreases in a 
gecBietric series. 

If is the n th nsxlwua sEi>lltude during a rlbratlon and + , is the 
next maxlraat then 

-7TC/ 

(/, . (p. e -W (1,5) 

^ n + 1 



z z C 

QU (^) 

where ^ is laaown as the logarithmic decrement. 

Equation (46) may be evaluated for Cj 

C, = 2 /? fq (p„ 

There renmins to be established a relation between Cj, the linear coeffici- 
ent of dsB^Jlng and Cg, the quadratic coefficient of dfflE 5 >ing fre® which the 
coefficient of drag, ssgy be evaluated. For the case of limar vibration 
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thlc relation was preaented In eection 3 equation (l4). ToUovlng Jacob- 
aen'a criterion of equivalent dlesipatlve vork dbne during a cycle, an analo- 
gous esgpresslon can be derived for the condition of torsional vibration. 



7or the case of angular velocity 
Vi z(jj i z mx ui cos cot 
Substituting this expression into equation (kl) yields 
FgD s Constant p U D £ c*ico» c^t 



m 

(49) 



The damping torque for this lootion can now be expreseed as 



r : 'bD i Z 
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max ^ ^ ^ 



(50) 



Cl 



where the expression In brackets Is the coefficient C| modifying (p in 
equation (42). 



The vozic over one cycle Is 
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Therefore the vork over one cycle for linear dazrping Is 






Work « 4 / C 
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For the case of quadratic dacping the torque may be expressed as 

2 . 3- 
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( 54 ) 



where the eag?ression in brackets Is the coefficient C2 modifying (p in 
equation (33) 



The work over one cycle Is 
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Equating ($ 3 ) and (^5) 

c, ip, 

Which ie aladlar to equation (14)« 

Subatituting this eaqjreaaion into equation (47) aaid re>aarranging tcrma 



yields 

C s 3 C, ^ , s 3 A In (57) 

o ^0 (|) maac ^ X 3 ^ p 3 ‘(pi' ae^ ^ 

where A ia deflmd as In equation ( 33 ) and from figuare 6 
(p MX s tan rs 

iV^ , ( 58 ) 

approximately 

Tram Aseusption 1, Fy +* R la/aqual to the net buoyancy of the object and 
rg w mmmoTci tiom enperlKntU 

A 8 «qple calculation for the coefficient of drag from equation (57) 
ia paresented in Appendix B* 

Over lluited raogea of Beynolda nui^ra aay be cozasldeaned a conatant. 

It will be of value to eatablish the oirder of Reynolda nueibera baaed on Mad* 

mm object velocity for a x^ange of anglea of oaciUation. In this coci>uta* 

tlon the ellipaoid la aaauned to be oscillating ainuaoidally at a frequency 

of 0.5 cycles per second idiicb is the wave frequency for all test runs. The 

aradlM of oscillation is as indicated. The angular dlaplacesaent of the body 

ia^s ain27r ft (59) 

By differentiation, the angular velocity la 

(p ' (pm 2 "TT f cos 2 15^ ft 
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The BUPfliaum tangential velocity is tberefore 

Um = t 2 ^ f p ( 61 ) 

!Ihe Reynolds number based on the maxliMm velocity is 

®r * ^ P = 2^f (turnip ( 62 ) 

>' > -5 2/ 

Xhe kinematic viacosity la taken to be 10 ^ ft /sec. 

Ttae Tbeyx»lAM numbers computed csa the above basis az« prseimted in Table XU 

Tm£ ni Rsmoics Hi»mERS fob upical test s0xbitiohs 



Diameter s 0.208 ft 
MaxLrana angle of motionj (|^*vi 


“5 

JJz 10 
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Reynolds Ilo.£q.( 62 ) 


f - 0.5 ept 

-Rouse (7) 
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0 . 4 t 9 ft 


2.725 X 10^ 
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0,100 


10 ° 


0 .k 79 


5.450 X 103 


0.095 
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0 . 4 t 9 


1.090 X 10 ** 


0.095 
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1.112 


6.350 X lo 3 


0.095 


10 ® 


1.U2 


1.270 X 10 ** 


0.095 


2 QP 


1.112 


2.540 X 10 ^ 
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5 ° 


1.540 


Q.79O X 103 


0.095 


10 ® 


1.540 


1.758 X 10 ** 


0.090 


20 ° 


1.540 


3.516 X 10** 


0.085 



Values of C0 eoznreepondlng to the cooputad Reynolds nuzebere in Table lU 
were obtained from Rouse (7)/ However;* as has been previously demonstrated^ 
for the period paraoeters of the esgperliaental work, steady state values for 
the coefficient of drag are not reliable. These have been included to permit 
cosparlson with values for the drag coefficient obtained from equation ( 57 )< 
Two conclusions may be drawn from Table lU, the poaaibility of linear viscous 
danplng being present is eliminated at the eaipected Reynolds numbers sn^ over 
the range of Reynolds ciasbers invol’\rad,Cjj is fairly constant. 
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7 Bffqct of V»rl»tiQD of Mooring line lngth 
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She lAx^ffth of the tost ohjoct Mooring lim Is «n isporteat par«meter *f « 
fectisg the damping faetor^ coefficient of <!rag sod zuttorel fregtwscy of the object 
Vith i&creeelng ceatcrllae di^pth the fined object iriXl cstcouster reduced 
water particle Teloclties ood lees interaction with the fltxld > air interface, 
these two factors will act to reduce total hydrodyzMcalc force. In the parti- 
al3y restrained conditloD, ahortening the length of the nooring line will lead 



to higher natural frequencies. The effect on dsaping factor, 83 , liurludes 
an affect arising from a change ia the coefficient of drag alnoe la a fujoc- 
tion of Cq as well as Squat ion (^} indicates that will increase as 

” decreases therefore these two variables will have a conflicting infineace 
cn the dashing factor. At aone depth it nay be expected that one of the two 
will becoae the controlling Influence. 

The objective of this 3 ;>ortion of the test prograa will be to dsteralitt 
sn optimn centerline d^th for the location of the object with respect to ac- 
tual BSDCiiauB hydrodyniadc force. 

The theoretical development, as previously preseirted, will lead to a pre- 



dicted value of : 



for each test depth. On this and the beala of the 






Measured rigidly restrained fbrese the paaciwni hydrodynamic force at each 
depth can bo predicted and the relation of Fg^ aod depth cozistructed. 
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Ill EIXPERlHEaTAL lX»JIFMEIi!r 
1, Wave Tank aod Wave Gecerator 

The N.I.T. I^/drod^«Dic8 vm^ chazioelj idilch v«a used In this study, 
is « steel frssed structure with a vorkiag section 3^ inches vide, 3^ in« 
ches deep sod $0 feet long. The side veils of the channel consist of 
1/2 inch plate glass over the vhole 90 feet. The bottoo is hozlzontal vith 
a kO foot section of l/2 inch plate glass begizming 10 feet fr<»i the gene* 
rstor end and with the remaining section of l/k inch steel plate. A loodel 
beach tade of trsnslte plates occi^ies the last 3? of the tank and 
is sij^pported on a steel fracevork at a slope of 1^ horiaontal to 1 verti* 
cal. The beach serves as an energy absorber and llsits undesirable rave 
reflections, figure 8 is e photograph of the rave tank 

The channel Is equipped vith a hydraulically controlled plston*type 
vave generator. Figures 9 snd 10, for generating shallov rater raves. The 
generator proper consists of a horizontal alvu^ua piston with a vertical 
face, rigidly suq^ended frc» a rail*inounted carriage on top of the en* 
trance box. The carrlags*piston aaae&bly la actuated by a cfUB*qperated 
hydraulic servonechanlsm providing variation in frequency and stroke and 
thus rave length and height during operation of the generator. 

Use of a servomechanism permits a choice of the displacement * time 
curve for the generator piston, w sve heights are controlled by varying 
the position of the cam contact point on the follower. Vave periods are 
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gaX^irtV \d VXt'-rcXaoo aria atdgXad 8*fa w .noXaXq ToX®'jaa«g adX tot avxjs 
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controlled liy rmrylBg the speed of the csis leotor. 

An e^qpsDded Alucdsue wev* filter^ Figure U> k feet Xo&ef is vuMd to 
dSBs>en the zsinor surface dlstscrbwie»s o» the generated imves* 

2. Wttire Tank £Qjaliga»t 

The vave cheanel is equipped with e shock-iiouzsted sovshle test stand 
eocktolnlng e dycssdc belsoce for lacaeureBisnt of lift, dreg and taoseat on 
iacx»rsed hodleo. Strain gsge bridges are used as transducers in Koznent 
gages idzile differential transforsers are used in the lift and drag. Nee* 
surenent of wave profile is eecoa^plished by means of aresistanee probes. 

a 

A Bultlchanael Sanborn Model 1^, direct recording oeeiUograph, e> 
^ippSd vith 2li00 cps, 6 irolt output pre*aq?liflers i«ae used for the study. 
The recorder is shown in Figure 12, It is eqjulpped vith hasted stylii and 
zeeords four traces siiazltamsously on plastic coated heat sensitive paper. 

A fifth stylus is provided which records one second pulses along one asargln. 
A Vida choice of paper speeds ore avalleblo, froa 0.2^ to 100 nc/eec by use 
of a clutch and gear shift lev^ arrangement. Attenuation of the aqpllficr 
output signal is provldsd in steps of 2 and 5 froa iVill signal to of 

full output. 

3« gxperipsntel Model 

A cr^s section of the model is shown in Figure 13. The model was con- 
structed In three sections. The foxe and after sections being constructed 
of idzite pine csid the mi^Ue body consistlxzg of 2| ianch outside disaster 
lucite tubing fitted with a drilled end tapped lj2 Inch dlrateter bole which 
was used for filling thisaection with a weighting substazuze or for attach- 
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Figure 10 ■ Schematic of wave gener- 
ator. 



Figure 8. Wave tank. 





Figure 9 



Wave generator 



Figure 11 • 



Wave filter. 
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Figure 12. Test Stand and Recorder 




FINS^' OAtV SHEET 




TEST MODEL 



Figure 13- Test Model 
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log tb* aodel to » rod for tbe rigidly restraiziod t««t* The three eectloxxs 
Here ^ix>ed togetlier by prese fitting. 3be Joints vers sufficiently tight 
to vlthstand testing stresses but had to be sealed vlth aodeXing clay in 
order to saaintain vater ti^itneas. Tt» W3od fore aikl aft sections veze fitted 
vlth soorljQg line attachments ccssisting of brass screvs> fishing evivels and 
fishing clips. In order to redxx^ undeslred transrerse motion of the test ob- 
ject it was found necessary to utilise stablilislng fins. These consisted 
of 1/32 inch thick galTanized sheet metal shaped to conform to the contour 
of the body. 

As stated in the Introduction, It vas dealred to change the natural 
frequency of the test object by varying the velj^. This vas aoco^lished 
by filling the hoUov lucite middle aectlon vith mterlala of various den- 
sities. The filler densities required to give an even gradlation of veight 
through eleven increments, from the model vei^t espty to the velght tddeh 
corresponded to a condition of neutral buoyancy, vere calculated. It %ms 
determined that eleven different densities varying from 0.1333 to 1.7^? 
gas/cc would be required. To provide tl^se mixtures of savdust (density « 
0.160 gms/cc), a comercially available dry detergent (density ; 0.3^3 gms/cc) 
granulated salt (density 5 1.216 gms/cc) and asnd (density I.610 gms/cc)vere 
used. Buckshot (density 6.413 0B6/cc} vas added to sand to produce the 
highest densities. 

Wire fish leader lines tiere used in the mooring arrangenent. These 
are attached by fishing clips and swivels to the brass screvs secured to each 
end of the body. A brass bolt vlth swivels soldered to one end served to se- 
cure the mooring lines to the mooring force balance. 



»Rcl*om a47 'sjI Acn a ct Xabcit atU ^al 

tUgki ^JsbX' •XTI ub trcav static Ml? wcsrxvi ctf ,£nmi.£oC vxmt 

at yjuLo ^iaboei rLrtv Hl«ft a(i a? lao atpf tMCrx^ll (pXitwtr txa»:*K!Uiv o^ 
saaw aaoXctoM tiM Itaa •to^ txxM sd5 »«M*:t«x.t:vl' latno 

bcB alarrivB galsieti ^avsisa aa^tcT ^aXJaJs^o asmtaBjot^rn noli $al^coB dJlw 
•do Ja»S ad& lo col dam aarwmmrcd t^^lmmUa. asuAvx 'tatno at .»qJtXo aattleXl: 
X^taXtooo «e«d¥ .aot^ iclslXtlcto^t* osXXX^if oi \;z»a*ti»oaa bmsol am il toal 
'xuotaoo atlj oJ" anolnoo od bm^fisia Ijt^m imea baatmvJJas AotM doal St\l lo 

.xlKXf add lo 

Xfi’HjJMn ad& tmstaado oi bani.oab axv i± taolioisbcntal adt at baiata eA 
JbadaXXq^ooM aav aJLdT .ItLglsfg add SfOl'^v ;tS9u^o ;ta»^ add lo x;oa«o^)&'il 
“flat BOoXoBV lo •XaX’iaXaa sf^iv aatXoae aXbbin: ailou.t vcXiotl arfJ gotXXXl xcf 
idQtm lo aoXi»Xfi«rt3 cov» n* avia oX Jia^iLu^ea aaX^XaasJi rtaXXXl adT .aaX^Xa 
dotdv ^d^tov 9ffJ' oi x-itpia Labaa atJ* jro^l ^adanszaroal nanraXa dgaontl^ 

Bjtv ;tl .ba^BiuoXao nsv ^'^ocuY.Oiai lazdintt lo fKDlj'XXiaoo a ot babaoqaanoo 
54y.X £8^X.0 aioil 3 tti\rtiV eaXd'XanM. jtsawsllXJb aovaXo lad^ iiaoJma^ftb 

s x^Xaaa£>) Jc^tEwawi lo aoacdxtfli ab-^vciq oT .bsxtvpsr ad fcXoow os\«88 

(oa\aTS aldaX^vc *rIJjiX5aaiimco a J*>o\aasa 0^1.0 

arz9v(oo\ms OXd.X x^Xfiasi)) Seise See (de\aq ^X£.X :; *<^XQa«&) dlaa hs^tsXoasrqS 
od4‘ soubenq od Scse o.t SaSbs aev (ooXas^ X^isnab) +orla2[ofa »S«aij 

.a9t:tXseei& 

saariT . taxasntao't’xa so.t’&oa &aJ a I b*zu siar aoaiX r:8Jb«t>X rfail stlrf 
doM9 ot JboTUJoaa manos Mo-xd adl oJ aXavtva btut aqllo ignldail Sodostj'e eos 
-«« oi' SavTtaa Sets »ao .5«rtsLIoa aXsvivs dtlar &Xod aaard A .^i»ocf add- lo Ms 

^aoaalad stzoI gat/ioota add od osaiX itllioM add s^ro 
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For tb 0 rigidly restraimd tcstc^ tbe body vae Kj^rported troaa the test 
stand as shcwa la Figures Xk scd X5* Tbc 3/4 iztch suppcurt rod was sot shielded 
sod (X^parste "tare” ruas for eeeh restrained test were mde in order to deter> 
Edne both borisontal and vertical forces due to the rod alone so thet these 
could be deducted free the net force tDeosured with the body attached. 

4* Inst ruaentat ion 

a* Wave Chegacterlstlcs 

She ware characterlsties of prioary Isportancc in this study %iere the 
wave hel^t sod period. A coesileta wave profile vaa also required to relate 
the esQperiin^al force historiea'to the wave phase engle. Wave characteria* 
tics were caasuzed electronically tuy a resistance type wave gage shown ache* 
zootically in Figure l6. The active elements of the gage are two vertical 
platinuaa wires, insulated frc»i each other. When they aare partially isneraad 
in water e flow of curr«rt occurs between them idiich is proportional to the 
depth of icmeraioo. Tht wave gsga was callbratad before each series of teat 
runs. 



b. Forces on Rigidly Restrained Objects 

Horisontal wave fenree coai^onanta cn the model were neaaured by oeana 
of a sheer balance hereafter referred to as the portal gago. Figures 17 sad 
iB show the portal gage which conaiata of two vertical parallel weba claeped 
between two rigid horisontal plates* The horisontal coepooMat of the force 
on the object la trsosBittad in shear to the lower plate of the portal gage, 
which Kovas horlsontally an 8»ount directly proporticatal to the force on 
the object* A Scheeyltei«inear Veriehle Differential Tranafonner is used to 
ccsxvert t±« dlsplacetoent of the bottoD gage plate relative to the tcfp plate 
into an electrical signal which is sRpllfled and recorded. 
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Figure l4. Rigidly Restrained Test Arrangement Figure 15 . Schematic of Rigidly Restrained Test Arrangement 
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a) Photograph 





b) Schematic of Wave Gage c) Circuit diagram 



Fig. 16. Resistance Wave Gage. 
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Figure l8. Portal Gage Schematic 
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Thle dsslgo of tbe portal gags results in a hl|^ resistance to bending de- 
flections* ^Tbus, tbo ga^ is for all practical purposes insensitiTs to 
bending zoocent and produces an output independent of tbe distance between 
the gage and the point of application of the force. 

The gage was calibrated statically by ceans of a pulley systea and has 
a sensitlrlty of 21 m/lb at an attenuation of x20 referred to the Sanborn 
recorderfor which full scale ist25 na. 

Vertical wave force corponenta were caasured by a Lift Gage* Fie^tres 
19 and 20. The force on the object is tranaoltted to the gage by an alucd- 
naa rod clasped rigidly to the body of the gags. The vertical force causes 
the center^feart of the gage to ®ove vertically with respect to the gage body 
this jQOtlon ia converted to an electrical output zneans of a Type 0.005M-L 
Schaevltz l.V.ti'T* 

The ga^ was calibrated statically by attaching weijdita to the object 
support rod installed below it* It has a sensitivity raferred to the re* 
corder of 21 csVlb at an attenuation of xlO. 

c. Forces oa Partially Eestralucd Objects 

A two component force balance^ Figures 21 and 22, was used in the ex* 
perirents to neasure both the horizontal and vertical coxponents of aoor* 

Ing line tension. This balance was constructed on the force bean principle. 

It consists of two force beams, perpendicular to one another, each with its own 
four active arm strain gage bridge. The horizontal outer boam is sensitive 
to the vertical coirponent and the inner vertical beam is sensitive to the 
horizontal exponent . of force. 
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Figure 19 • Lift Gage Figure 20. Lift Gage Schematic 
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Figure 21. Two Component Balance 




Figure 22. Two Con^onent Balance Schematic 
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The sensitivity and deflection characteristics of the two coogponent 
balance axe as foUovs: 



Horizontal: Sensitivity 

Deflection 

Veztical: Sensitivity 

Deflection 



27 im/iy at X. 20 

0.07 in/lb 

24 naa/lb at x 10 

0.019 in/lb 

The two coc^nent force balance vaa calibrated using a pulley system 
vith the calibration line at an angle of 4 ^^. In this vay, the two portions 
of th& gage were calibrated simultaneously;; the force applied to each being 
equal to times the applied load. Sacple calibrations are given in Figure 23. 



The two coeponent balance was attached to an aluminum bar. Figure 24 , 
which in turn was bolted to the bottom of the flvune. 



^nwto^oo cMi tdi lo aoi^ai-is^oaiario 



noi;roeIl*b jCute wiT 



Itmollo't M 91M 90£X1m(S 
OS .X dl\«i ys j’laiiae ;XB3'a9eiiaii 

d.t\ni YO.O coljJ-o^Iliofl 

OX . 3» dx\» 4 IQ ^tirrlSlsasSi iJjboXXt:^ 

cl[\ai ^iO.O nol^MlTsa 

a gnxajj ^9^»'xalJ;a^ asv socaiad aoTol dnancxjaoo cart ^ 
anoidnoj ov^ add ^icaw aixid cl to sXsas or. da aniX coXdB-idXXeo add ridxv 

snXad riosa od />»XX<if 38 oo-tot add oC-^awaiMdX/jcita f>ada:tcfiXao araw •en to 
.££ aii®Xt fll navx» a^a acoXdaTcdiXoo aX^Bfi .i»oX f^iXqga arid exatt^oi Xa*/pa 

«4S aii;sXf ,iBd (Buohni'Xa xia cd Jbauoadda a«v aonalad dwacK^oo cvd sdT 

adcfUiXl 5f(J“ lo doi^ocf artJ“ oJ* f>»^Xccf aei7 rti lioXilv 



1.0 



1.0 




Trace in nnm 




Trace fn m m. 



Figure 23* Two Component Balance, Sample Calibration Curve 




Figure 24. Two Coniponent Balance Holder 




Figure 25- Test in Progress 
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IV !TSfiT PBCC£DUR£ 

X. Rigidly R— trained Toett 

For ouch Mrl«s of runs et « i^eclfled objoct ccnt*rXlm depth a cor- 
raiQKKidlag rigidly raatralnad test waa coEiductad. !lhe ««ter Xavel is tha 
wave tank vm aAlntaintd at t%io f««t for all teats. By using various coev 
binatlons of sections of the 3/4** ahxmlnua support rod the object was lo- 
cated at the proper depth with reipect to the free surface. Ihe force gages 
were calibrated prior to each run at the esqpected attenuations. Two resist- 
«BX>e tyge wave gages were used in all teats, one at tbs test stand and the 
other c»ae wavelength downetreaa. The wave genarator ecmtrol aettlngs, ne- 
cesaaxy to produce waves of ths desirsd diaenslons, had bo«3 previously es- 
tsblished by experinsnt, ninor sdjtistaonts were xasde ss naceesary prior to 
each run. Ths wave height was chechsd by a wave gege >d>lch was calibrated 
prior to each series of runs. Wave period was checked fToa the wave gage 
trace by countii^ the xojaBMsr of waves in of record at a pepse speed of 
1 per second. Proper wave period and wavenaiker stroke established proper 
wave hai^. - and length. 

The electronic gage circuits were balanced and seroed with the test 
objsct in place mcA the wave generator was started. The test was ^ after 
a final check of the wave height and period. A test consisted of t<Hi con- 
aecutiva waves with the recorder run at ^0^ per second. Upon completion 
of the teat, the wave gaoerator was stopped but data recording was continued 
St a rtiduced paper opved until the water in the flUR« becaai colza. This 
ma dozks to see if may shift in the force trau:e aero xeadinga bad occurred 



in the course of the test. A tare run waa sade in connection with each 
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rigidly restrained test in order to loeasure forces on the sv^port alone so 
that these could later he subtracted from the net force ossasured during 
the test. 

2 . Partially Bestrainad Tests 

In preparation for the partially restrained tests, the tso coaponent 
mooring force balance holder was fixed in place in the wave tank and was 
calibrated. A residence wave gage was secured at the same channel loca« 
tion as the force balsnce and axxitber wave gage was located one wave length 
downstream. The hollow middle section of the test object was fiUcd with 
the proper filler mixture ^weighed, and connected to the force balance. 

Prior to each run, a natural frequency determination was made. This 
was done by manually displacing the test object from its etj^librium po- 
sition in still water and releasing it. As the object oscillated, a re- 
cord was made of the horizontal mooring force component at slow paper speed. 
The natxiral frequency was determined from the number of oscillations in a 
given length of record. 

The wave height and period were adjusted before each run and the test 
was then conducted in a manner similar to the rigidly restraii^d tests. 
Preliminary data reduction was conducted during the course of each run to 
detect errors and insure an even pacing of the ejqperimental data points. 

A test in progress is shown in Figure 25. 

As in the rigidly restrained tests, the depth of water in the tank 
was maintained at two feet for all runs. There were twelve runs at each 
of the three separate mooring depths. The use of fishing clips facili- 
tated changing of the mooring lines. 
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V EVAmmow of data 

1, PrliMtry Data Reduction 

a. natural yanaqueacy Data 

natural freg;uencie8 vere determlzisd from boriaontal mooring line ten« 
alon coTi)onent traces made with the test object in free oscillation. A 
sample free oscillation record is presented in Figure 26. The average na> 
tural frequency of 20 or more oscillations was obtained by the use of the 
following formula : 

■% 

Application of the above formula to different portions of the free oscilla* 
tlon record shoved the natural frequency to be Indepeiuiezit of the aeplitude 
of free oscillation but less reliance was placed on the measurements as 
the acpUtude of the oscillations became small and died out. 

b. Wave and Force Data 

Most of the esqjerimental data in this study were obtained in the form 
of oscillograph records. Figure 27 is a portion of an oscillograph test re- 
cord. The data recorded are the wave traces at the object and one wave length 
downstream from the object, and the horieontal and vertical mooring line ten- 
sion conponents. 

Primary reduction of the test records consisted of determining the wave 
period snd scaxlmum force ccmponent values. Where required, the collate 
force coxponent histories were obtained from the records. The wave period 
was determined from the portion Af the record run at slow speed using the 
following formulae. 

Wave Frequency - Number of waves in 50®® x paper speed (am/sec) 

Period m 1 

frequency 
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Figure 27. Saniple Test Record 
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The V8Y8 period desired for <dl rues was 2 seconds., per cycle. This 
value v&s neintelsed to vlthln ±-2^ by careful nseasurecsent in accordaoco 
vlth the above foriculae before each run. 

The gaxlcium force valvies for each run were deteiroined by ave«iglng 
the BMixlir>a for a number of waves and convertli^ the resiilting value to force 
units by sieans of the force balance calibration curve. In order to obtain 
the entire force history from the test record, it was first necessary to con- 
struct a wave phase angle: scale on the force record. This was done by lo- 
cating successive crests on the trace and dividing the distance between them 
into even increments, usually 9CP increnents were sufficient. The forces 

•a 

corresponding to a desired phase angle could then be read from the trace 
at each location, for a desired force history the average of several waves 
was employed to congpensate for small differences bet'vreen successive waves 
resulting from unevenness in the wave generator operation. The final step 
in the procedure %ms the conversion of the average trace readings to force 
units 1^ means of the force balance calibration curves. 

2, Secondary Data Reduction 

a. Rigidly Restrained Tests 

The rigidly restrained tests yielded osclllogr^h records similar to 
the ones shown In fl©ire 2?. The data recorded included wave traces at the 
object and one wavelexigth downstream, and the total horiaontal and vertical 
wave force conpoaents on test object and support rod. Tare tests on the 
support rod alone provided the necessary data to reduce, from the gross mea- 
sured force, the net wave force conponent history due to the presence of the 
body. 
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Trom tbe horlsoQtal ware force cc»s>OQ«&t history on the stationary ob» 
Ject e:(perli9antal inertia and drag force coefficients vsre determined mak* 

Ing use of equations presented la the theoretical deTelopment. These ere re- 
pasted for convenience* 

FHo = m + JSD (6) 

or as given by equation (9) 

JHo - Ca pVol (^) coo o't -h C. P Area U? |8tn I sin (9) 

(dt )b 2 

Equations (X) and (3) define u «3d (^) re^ectively. 

At (ft - 0° and X80° la zero by equaticoi (9) 

and the quantity may be erpretaed In terma of IEq vhich can be faad di* 
ractly from the force trace history. At /t : 90^ scd 270^ TSi la sero and 
equation (9) cm ba eoXved for in terms of THq* Tbaae eaXcuXationa vare 
performed in order to provide values for cospariaon vlth the potential flow 
theory inertia coefficient aod steady state drag coefficient as determined 
by the aesms outlined In the following paragraph. 

Values for the drag coefficient were also found by meaeureaent of the 
decremental decey of the natural frequency tests and application of equa« 
tlon (97} of the theoretical development* 

Partially Restrained Tests 

Sy uslsg the average of at leMt ten waves the maximum total force com- 
pcsnenta, both vertical and horizontal, were obtained from the oaclllogrtph 
records for each run. 

Tor several of the partially restrained tests the mooring line angle 
was detenoined from the experimantal data. As seen In Figure 6, the eagle 
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it relottd to tb« loourins Hat toatloo caei>ooents by the e^tuation 



^ (Qi ) ( 58 ) 

(yv + H) 

vtiert JFU can bo Boosured troKi th» csg^erlaeartal reccard aad H it agp- 
roadDK&ely eqiual to the oet buoyKtcy of the c^Ject for a given run. 
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VI PFjEEigmp a MSP D1SCU3S101 car Rgsaus 
X. Rlgl<!Uy fiiwtrlnod 

1306 puipoM of tht rigidly re»traioed t«fts !• to «eta1»Xi«b tib* tb«or»ti« 
e«X oonditioo of fore* for tk» rstlo f/f^ s o* Tbs tmximm rigidly restrained 
force io, in edditicOf • pereeeter in the deteraiBetloo of the deotplng fecter 
jjg, eqjuetion 

The wxiwM posltire end i»$g«tite eaffltrleenteX net forces oa the body 
are not e^ual elthoogh the theoretioel force efuation (9)> <nd the eipiiyeXuat 
expreeeioQ for eertleeX force* yield eq^oel positi'ec end negative aaxiaa. The 
reeulte* in this case boeever* are act surpriaing in vlev of the uaayanetrl«> 
eal fore and aft aiuqpe ef the body. She difference will be taken into ae> 
count in the foraetioc of csperlseatal force Bultiplieation faetore for the 
dynaealo taate ehere both positive end negative factors will be calaulatad 
using the gppropriata static test results. 

The principal results of tlie rigidly restrainsd tests* the horltiontsl 
sod vertical component MUdns* both positive sod aagstive* are pressntsd in 
Thble ZV. For later use in theoretical caleulatione, the average nsaclsuct 
values were cosputed and are also tabulated* 
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TABLE lY MAXIMUM RIGIDLif KESTRAIBED FORCES 
Horlxorttal Vertical 



Test 


Pos (lbs) 


Beg (Iba) 




Pos (lbs) 


»«S (It.) 


Ave (lbs) 


1-12 


0.1142 


0.1100 


0.1121 


0.0968 


0.0859 


0.0914 


13-23 


0.1133 


0.1102 


0.1118 


0.0484 


0.0386 


0.0435 


24-35 


0.1102 


0.0882 


0.0992 


0.0242 


0.0198 


0.0220 



Froa the experimental horizontal force co^^nent hlntorlas inertia and 
drag eoefflclenta ware calculated^ through the use of equation (9) end the 
■etbod outlined in Chapter V. The^ values for the inertia eoefficlents agree 
favorably vith the value predicted by potential theory, that is ^ > 1.053* 

As previously noted, however, drag coefficients conputed in this Bsanner may be 
subject to excessive error due to the low djrag conditions indicated by the 
period paraaieters; they were In fact, found to be cnich higher than would ip> 
pear reasonable. The average value will be coapared to the average drag eo» 
efficient conputed from the decremental decay found in the observation of na- 
tural frequencies. 

The results of these calculations are presented in Table V along with 
the period parameters and the effective Beyzkolds number of each series of tests. 
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Test 


Uh T/D 


^#taean 


Cm Eq (9) ave value 


Cffi Sq (9) sve value 


1-12 


5.62 


1.758 X 10^ 


1.077 


1.830 


13-23 


5.15 


1.270 X 10 ^ 


1.070 


1.460 


2^^-35 


i ».57 


5.450 X 108 


1.073 


1.004 



2 * Partially Reatr>loed !te8t« 

a. Natural Prequencles 

For each partially restrained test, a xuitvtral frequency loeatarejoent was 
icade. The esq^erisental natural frequencies are plotted against total weight 
for each of the three series of test nms in Figure S8. Also shown are the 
theoretical undaBg>ed nat\iral frequencies cc»g>uted froa equation ( 23 ) as 
shown In AppeoAlx A. For these coiqputatlons an added loasa coefficient of 
0 » 05 f the potential flow value vms used. Good agreeinent between theory 
e^gperiioent was obtained. 

b. Coefficients of Drag from Natural Frequency 

A persistent problesi in this investigation was the cstablisbioent of an 
accurate value for the drag coefficient of the test body. The data pre- 
sented by Rouse, ^ftiich has been previously cited, is for a body of similar 

shape but is of dubious value, except for ccnnparative purposes, since it 

treinslational 

is for the case of steady/ flow past the object. When moored and subject to 
wave motion the body continually presents a different orientation with re- 
spect to the direction of flow. In addition the test object was equipped 
with mooring appendages and rather large fins ^Ich undoubtedly acted to 
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To aid in as accurste as possible a value for the coef- 

ficient of drag the data from several natural frequency observations vere ap- 
plied in equation ( 31 ) • Only those runs at the lighter test object weights 
were xised since the assusption that the vertical ccatponent of siooring line 
force is equal to the neb.buoyancy %, becomes less valid as the test object 
becomes heavier. 

The remilts of these calculations are given in Table VI. A ssspls cal- 
culation la presented in Appendix B> 

TABI.S VI aXFERlHpTAL COSFFICIEZITS 07 tBiH mM 

KATOBAL FRgQCTMCY AMPLITUDS DSCAg 

Radius of Object 

Run Ccnterliae Droth ft . Osclllatioa (ft) Weight (lbs) Cy Eg (57) 



1 


0.291 


I.5V0 


.988 


.385 


2 


0.291 


I.5V0 


1.100 


*335 


3 


0.291 


I.5V0 


1.139 


.280 


13 


0.720 


1*112 


.966 


.506 


IV 


0.720 


1.112 


1,070 


.480 


15 

Extra . 


0.720 


1.112 


1,125 


.399 


Run 


1.020 


0.813 


1.503 


.546 


2 k 


1*352 


0.479 


.988 


1.66 


25 


1*352 


0.479 


1*100 


1.66 


26 


1*352 


0.479 


1.139 


1.55 



The coefficient of drag obtained from the above calcvilations shows Bsrhed 
dependsztce on the radius of oscillation and to a lesa extent on the weight of 
the body as seen in Figure 29* The latter effect may be explained as a result 
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of the assumption that vertical cosr$>cment of cioorlng line force is 
equal to net huc^ascy bocoirsins less valid as the test object becomes heavier. 
The average value of Gj^ for the rigidly restrained body fros Table ’/ ia 1.^32 
but there is no apparent relatioa between this value and for the partially 
restrained oscillating body. The agreetnent between in Table VI and the 
averse steady state value of 0.095 from Table 111 is best et the larssst 
radius becoming poor as X dlstinishes* It appears that for very large radii 

of osoillatlon the coefficient of drag for the oscillating body will tend to 

/ 

mppioach the steady state value as a lliait. dn attempt viU be made to ac« 
count for this phenooena in the following chapter. The average value for Cj) 
aasoelated with each centerline depth from Table VI vas used In the calcula- 
tions which follow and provided good correlation between theory and erperi- 
mental data. 

0 . Force Multiplication Factors 

For each teat Bade in this study^ liorisontal and vertical force culti- 
plioatioB factors were coaguted frcsa the maxiCTUB eaperimntal force conpo- 
nents and are tabulated In Jlppendlx C. ^!%e horlsontal imiltiplication factors 
are plotted against frequency ratio in Figures 30 through 33. There is a 
separate plot for each length of noorlng line. In each of these figures, the 
esq^rioental points define resonance curves of the form of Figure k. The 
theoretical curve, OOTg>uted from e4^tions (16) end (17 ie presented as a 
solid line in each of these Figures. A sseaple calculation is shown in 
Appendix A. In all cooputatlons an inertial coefficient - 1.03 was used. 
The theoretical curves <So not fall on a single line in Figure 4 since these 
curves are drawn for constant values of dasq>lng factor hg and this factor va- 
ries with the ftequency ratio due to the method of conducting tests. 
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FIG 28 NATURAL FREQUENCY VARIATION WITH BODY WEIGHT 
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Tbs agreacBQt betwen theory and esqperiiaent le best for the longer 
lengths of mooring line. For the i^xnrtest length of saoaring line> test rune 
the egreeaent is poor however the trend is evident. In this series 
of runs the resonant fre<}uency occurred st the hesvier body weights when the 
net buoysst force was relatively low. For this condition the essusiption that 
the vertical coogpooent of aooring line force Is etjiuil to the net buoyancy is 
such less valid since the wave force is no longer smll with re^ct to the 
net buoyszioy. !l!be actual neasured forces in xoms nurber 3^ and 33« ^^diich are 
at frequffiocy ratios greater then unity, end well beyond the theoretical re- 
sonant frequency «e not considered valid since the test object was osclUat* 
ing so vigorously it struck the Cotton of the tank. These runs do indicate 
that the Booring lines should be Icmg enough to insure that the coored. body 
will not strike botton even at tha greatest anticipated angle of oscillation 
in order to avoid aubjactlng a nooricg to such relatively large forces. 

It is possible that an tt^roved serthod of evaluating the coefficient of 
driC for the test object would lead to better agreerent between predicted 
and obaarved reaulta since the dasping factor is proportionaL to Cq The ef» 
feet of deeping on theoretical force s^agnlficatlon is indicated in Figure 4. 

The greatest effect of dasplng factor occurs between frequency ratios of a- 
bout 0.75 to 1.4. An lEproved value for the drag coefficient would hove little 
effect on the results beyond a frequency ratio of 1.4. But in the region of 
frequency ratioe 0.75 to 1.4 the value used for the coefficient drag is of 
great isportance. The accuracy of the coefficient of drag found as indi« 
eated in section b is considered reasonably accurate for the purpose of this 
study in view of the agreement between predicted and esq^rimental results 
shown in Figures 30 throu^ 32. 



bam v ^ k >«( 1 ^ amm^ati &£^mmxQm adS 
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^bo<f bazoces adS Smdt amaaot oS d^xfoas 300 ! ad blaoda aaeitX snX^ooa adS SmdS 
aolSaJJ-toao to aS^aa baSaq,tolSem SnaS&amg add dm aovo mcSiod nailmta doa XXXv 
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.4 at badmodbat at ooX^fooXtlasan anot ^oldamDadd ao gaX<]^aBl> to ^ost 

-a to eoX^a^ xmaufarft casaSad amssoao noi9«t to daatta Saodmsrr^ m^S 
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The cxperliaental vertical nsHtiplicatloz) factors are listed 1» 
i^Spendix C and are plotted In Figures 33 through 35 > dashed lines in 
these Figures do not represent theory. They serve to cc»cnect the positive 
and negative e^gperlsaantal points to sbov the trend of data. 

The results presented in Figures 30 through 35 indicate the validity of 
analyzing the present prohlem by applying rlhratlon theory vith square lav 
dasplng. This is not surprising in viev of the good agreen»nt achieved by 
Sh^lro In his investigatlcs) (1). They also establish a basla for evaluating 
the effect of shjgpe on the vave fcnrced oscillations of a subiserged moored 
buoyant object . 

A* Slacking of Mooring Lines 

When the waxiiiiua dynamic negative aooring force is greater than the 
net buoyancy, oae or both of the test object laooring lines viU slimken. 
C3q>resslng this criterion in tersw of the ratio 

K/x "f slasking vill occur vtojen 
V/r. < 1 
^va 

^is occvured during a portion of the vave cycle at the heavier body veights 
as noted in the conpllation of data in C. The results of the tests 

shov a decrease in nooriisg line force vith lixsreasing frequency ratio, pro<. 
duoed by increasing tbs test object vslght. This desirable tx^aztd is lloited 
by the net buoyancy becoming so soall that slacking occurs. When slacking 
occurs over any portion of the vave cycle it is foUoved by a seveze jerk a» 
the laoorlng lines again baccme taut. The Ba^ltude of forces iupoaed by this 
jerk «nay be seen by referring to Figures 29 through 3^. The last tvo e::qperl- 
Bental points <xa each curve vere obtained idien the test object mooring lines 
vere slackening and tightening during a portlcn of the cycle. This effect 
jnust be considered luadesirable and severely limits the available range of 
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frt^ueiicy ratios for a glt«n design ccmdltion vavn< In the presttsit study 
the vsve selected vas co the basis of coizveniecce to sUlcv a aoEsarison 
of effects and did not necessarily represimt an es^eted design condition. 

In still vater both tsooriag lines were taut for all teat conditions. 
Slacking occurred only vben the object vas subjected to mve forces. 
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EXPERIMENTAL TESTS - 1 -12 
WAVE DIMENSIONS TEST DIMENSIONS 

f = 0 500 cpS 



H = 0.289 fl. 
L = 14 45 ft. 
h = 2 ft. 



Fhom= 0.1142 lbs 
Fhom " 0 1 1 00 lbs 
Z = 0.291 ft 
MOORING RADIUS t - 1,540 ft. 

Cm-- I 05 
Co = O 333 

DATA KEY 

• POSITIVE 




o negative 



SLACKING IN 
MOORING LINES 



FIG 30 VARIATION OF HORIZONTAL MULTIPLICATION FACTOR WITH FREQUENCY 
RATIO 




FIG. 31 VARIATION OF HORIZONTAL MULTIPLICATION FACTOR WITH FREQUENCY 
RATIO 
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multiplication factor multiplication factor f 
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EXPERIMENTAL TESTS 24-35 



WAVE DIMENSIONS 
f = 0.500 cps 
H = 0.289 ft 
L = 14.45 ft 
h = 2ft. 



TEST OBJECT STRUCK 
BOTTOM OF WAVE TANK 



TEST DIMENSIONS 
F^hom " O.I 102 lbs. 
FhOM =0.0882 lbs. 
z =1.352 ft. 
MOORING RADIUS/= 0479 ft. 
Cm = 105 
Cj) = I 62 




FIG 32 VARIATION OF HORIZONTAL MULTIPLICATION FACTOR WITH 
FREQUENCY RATIO 




FIG. 33 VARIATION OF VERTICAL VARIATION FACTOR WITH FREQUENCY RATIO 





r 
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FIG 34 VARIATION OF VERTICAL MULTIPLICATION FACTOR WITH FREQUENCY 
RATIO 




FIG 35 VARIATION OF VERTICAL MULTIPLICATION FACTOR WITH FREQUENCY 
RATIO 
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vn COIKLUSIOIIS 



1. General 

This stiidy gives furtber desxmstratlon of the validity of describing the 
behavior of moored submerged \3MaymA objects in oscillating vaves by vibrso 
tion theory with square lav danping provided there is no judical departure 
froB the aesusptlons lleted in Chuy^ter II. 

2. Effect of Shepe on Forced Oscillatory Motion 

X3ie effect of shape can be cost readily demonstrated by conparing tvo 
differently shaped objects restrained by sooring systems having equal radii 
of oscillation and subjected to forced oscillatory motion in identical v«ve 
syetess. The artreaBdined shape of the present study vill be coapared to a 
^bere of equal voluae since tbs payload capacity would appear to be one of 
the laost isportant ccsisidBratlons in a prototype installation. 

An arbitrary voluiDe of 3^.2 cubic feet for both the ellipsoid and sphere 
vill ba ecployed in order to pertnit utilization of data presented in Shapixo's 
study. The approximate solution of the non linear equation of motion, equa-> 
tion (35) will ba spplied to both objects. Vfol^xt and vave characteristics 
ware selected on the basia of realiam aoad convenience. 

COMPARiaOM OF SYSTEMS 

Sphere and Mooring system characteristics 
D ; 4.18 ft 
i* 9.27 t% 

Total Wei^t « 735 lbs 

Added Kuis Coefficient K • 0.5 , potential flow theory 
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Xa-xi^aO .1 

saicrXtEOoaC) to ic^XfiHav odi to 0 oX{f«a^BaaKta& ^adcMul aaviia dlH 

htscUt xfi %9vmr act^hRlXioao aX a;^s9t.<^ ttv^(psjd bt^9ss>i:m Stenoon to 'toimdvS 
WJtTMqjab laalimn oa a£ ari9dt J>ai>ttars>i QOlqFmk v&X eaxujpa ri^lv x;^o«d[;f aolt 

.XI •x»s<f$dO at JbsSBil aaoi:t<f&jea€ edt ncrtt 

aot;foM yto4»Ht3»0 £>^rxdf ao_ »g^g8 to g^'ttl .S 

cv^ S^'xs^noo Ae^iirx^aaoaiob x^Xbaar saas ad mo a^ada to ;^oett» od? 

ItbaT iMtfpa aotrad a(89;^8xa BCLtnoos ^ jbaatattaaa £9<|Mia i^^i3«rratt±t> 

«rav iaot^abl aX aoXtca ^otmXlloao bosnot oit ba^omlcffa &sm aaXJaUXsao to 
« hsTM^ftco ad LCXv '^utM &a»etnq, asLi to eqftda btaXima'x^Xa ad^ .BasoSv^ 
to eao 9cf ot uta<xg^ bJUxiv x^loeqiBO Xmolxa^ adX aaoXn saujlar Sjujjpa to erxadqoB 
.aoJt^alXsctaal e^^lc^orcg s sd aaaXia'xcJbXamo ^aa&roqiKX Sacai «d^ 
enadqa bm Moe<itIIo adt d&od *zot oJtdao £.6^ to aaccXcnr aA 

a'oxx'tjpad3 at a^ab to {soJt^aalXXita fXansq ot rabro aX btxplijpm ad XXtv 

•’Supo xooxtoii to aoi::^aiJS>9 ’sa^I aoa adX to aotfssloa oimaXxcnzusj^ odT 
soXct«Xa»J^s«'£Kis strav jboa ;h%t9li .«^otK»£fo di^ocf oi^ i>atXqi 9 |s ad UUsw (^6) ooX^ 

.»o£Mj;asrTfto9 IxDia maXlaa^ to almfS adJt ao ba^oaXaa arm 

maram vo Hoem^34oo 

aot^aXraSofi’xmio at&Srxa ttfoa aradg^ 

n 61.4I ; a 

n T3.Q *\ 

adl ?tT • Xi^toT 

X^oadS woXt Xat;}a».t9^ x ^ daoiolttaoO simIM ^«Mt4 
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Urns Coefficient, Cq a 0.42 , steady state value 



S S 158^ ft lbs 


Eq (26) 


A » 5939 slug ft^ 


Eq (25) 


fn= 0.259 cpa 


Sq (28) 



Strsaailined Body and Mooring eyeten charaoteristics 
D s 2.32 ft Kaxlnaia Disaster 



i« 9.27 ft 

!Ztotal Weight * 12?0 lbs 
Added Mass Coefficient, K 


t 0.05 , potential flov theory 



Drag Coefficient, Cp > 0.69 ' Average Value, Figure 29, for aodel at 





siBilar "Jl" /jCbax ^®tio 


B : 10870 ft lbs 


Eq. (26) 


A ; 4100 slug ft^ 


Eq (25) 


fto 2 9*259 cpa 


Eq (28) 


Wave Characteristics 
H c 1.434 ft 
L s 71-70 ft 

h = 20 ft 

T • 3*^ secMCids 


Shallov vater conditions 



f>r * 0.259 cp* 

Offlaoity of Vater p s 1<^ slugs / cu ft 
Fcarees on the aystewi 



^bere z 1^0 16s 



E<1 (9) 



.sd 



ac/IfiY sJttJ'a % 

(SS) P« 

(?S) i>a 
(3s) #S 



S^.O s qO a«Y6 

•rfl 058?I = ff 
j^rla <>£Q3 « k 

mgb ^.0 :,|i 



g»-ta^ yJi-iooM j>n» \:^og fear* r<aiyt:<lg 
*c»J'aewKl S^.S 3 S 

n YS.<j * 1 

f^<a OTSX ;: iaW:; 

XTCsd^ tfoTi « ?0.0 3 j ^;hz«t9m:9oO o«aM ib«hyk 

;hk Xaftotx act eoiJsH (9»is7 a^saavA Q-J.O > q/«> AfioQ 

oi^aa xi3s^\ "3^" oaXJXia 



(dS) 
(?3) j€ 
(«t) pi 



«aa£^XI>n»9 aalatv woILuiS 



<t as \ 



otfi #t OTfiOX i I 
*« &i;Xa eoi4 - A 

«o.»«J:a<tf9»7 4 40 

n = s 

n CT-XT * a 

, n os. - d 

^oo»e - S 

??S.O 3 

c 9 o*»#iW to i(<$X;ac»€ 



Ht^ ad> no 



(Q) *- 



«IX 0.U > 
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Kg - 

f/fn = 1 
JBa a 4.07 



s<a (39) 



m (35) 



JHb = 53<S lb® 



Streesillned Body THqb a 77 lbs 
n = .0314 



&1 (9) 
Eg (25) 



f/ta s 1 



iBk • 5.64 



24 (35) 






'^Hn, : ^34 lbs 



Tbtt tb®oz«tlcal r»®ulta> tbtrvfore, predict that tbo atreosilix^ body 
vlll ba the eiqperlor ®hegpe In hydrodynardc perforseoce for the conditions 
described in the cooparison. The degree of difference is on the order of 
23J^ in favor of the etresKllned body^ hovever it should be erphaaised that 
these results are valid oxily for the particular cases chosen. 

The most isfiortaat ccModition to be noted Is the radius of oscillstion | 
and the variation of the coefficient of drag aa indicated in Figure 29* 

It is posaible that for large valuta of "J " the force on the sphere cay be« 
cone lesa than that cm the streamlined body due to reduction in the coeffi- 
cient of drag for the latter shape as increases. Bovever for both shapes 
the llBdting value of ^ “ vill be reached 4ust prior to the object breaking the 
water surface. The paresent theory would no longer apply if the objects were 
not coiq^letely isaersed^ since surface effects and loss of buoyant force would 
enter the pa^blem. 

For the sphere the coefficient of drag as a function of mooring radius 
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Vjftocf *wii a-olllxrpi tv-sclvtwi* ^9.JrXv9sn l»o.,.iwxoGdi- mtl 

ansX^iX«io9 »(U zct dOtWMTZiv^'xoq cZ 9qpda 'sot't^q^nz adt skS XXXv 

'x«5to wit «o aP V'jfWiiil'lih "to aa^sdb ariT ^csosZ’Xb^oo arit at 
^osX&ciitpw 9<f liSucd* rsarcwotl jbaclX-taatls w{J to oo^t cX 

.floaorio «wHio rr«ij;ioi;»T»g isrf^ *xct yj-^ ^tXnv 9'm efli^ert matCf 
} aoXj«XXZaao to RiuJ^% 9dv «X da-toa acf ooZrttaoa Jaatrc^pX f»wr adH 
ax.isi'l si «a to ^a®loxlt»oo wit to » JtJii*ojrr oriJ Stm t" 5-" 

-®<f «^ad^ smW flo asKuct ««t " to ©wjijiv aiiTaX “Sot sJ.dX**o<i at rfl 

-Ittaoo atU” ai aoX^Siuer^ oS acfi wXt a» Jwl- MOl nmoo 

Bo^gBda dXotJ •xo'l aovavoH •*o999xoct wa oe^dhs 'xel3&X mU aot jgrnb to ^caaZo 
edd" aaiateancf ^»*J,do add" ot *»)Xa(2 d»tft b^dswvs wJ XXt^ " 3^ " vsl»v f’xttil odd 

wow «do«tcfo add tl *j:«a£*c«X oa i»Xyc«» .-xjodd dasatfi^ ,ec«tTu/« aodsv 

Mm 3V aoxot dssxowf lo aeoi. J!m Bdo«^s osiotwM eoate vX^dsI^ioo dca 

.4isi^(n-2 «Zd lodas 

BiriiMi'x antrEOcn to aoddaout o ca •mi*z 6 to duwiontooo kid otad^i wid *JxJt 



64 . 

is xx)t kooim but It sesios ressoosble to bsXlevc tbst it vouM be less 
dependent oa this psraoeter than tbs etrssniiaod bc»3^ since its cross sec- 
tions! ares nonssl to tbs flov is constsct as orientation vlth respect to 
tbs stresss flov cbsnges. 

Provided this sssvusptloa Is correct the advantegs of the streaBllaed 
body over the spherical body would increase as the radius of oscillation de- 
creased since the coefficient of drag and therefore dscplng factor, increases 
sl^ilfleantly in the caac of the forjser shqpe as "Jl '* diadnishea. 

3. Effect of Ceaterlloe Depth on Poroed Oscillatory Motion 

Inereaslag ceotarline depth is accosiplished hy decreasing the radius of 
oselUstion of the aoored body sad it is this psrasoter which «(ppsars to have 
the iBost inportsnt influence on the das^izig factor for the etreatalined body. 

The dssqping factor ia a fonction of "J’ " and other characteristics 
of the body but as indicated by equation (^7) the coefficient of drag is also 
a function of *' 1^ . ia seen in Plgure 29 large radii of oscillation is 
lass sensitive to changes in ”, this represents shallow centerline depths. 
Thereforef2£rge radii of oscillation the datiq>ing factor varioa approxiiaateXy 

At egaller radii of oaciUation increases rapidly as decreases and 
the dscplng factor Is sore strongly influenced by this parejaeter. This £9sy 
be caressed epproxlioately as 

»2 ■^Od 

indicating, therefore, increase in S2 ^ 'V " decreases. 

Figure 3^ shows the variation of the theoretical laaxHauia partially re- 
strained force on the object as a function of centerline depth. This Figure 
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>3Mi —ozo mti MiatQ ‘^fcocT baalSma^zta oAt emsii zatmitTBq, atdt no f iiig«<g>6 
ot toaqi^az liiiya aolJaiamlzo «e ttu^ama ai voU «d-^ ot Xnanon lanclt 

.e*^nmdo mil: mmzitu adt 

baalla»tzt9i mtt la 't^^naf’ftA «(;^ «1 wai j ’^awm LmbSyrn^l 

•ab aal;f0lllsao to aulben atiU m aausnscJ kt*^M rMro 

MMmoal I’scK^ss'l: vnolanadi &ai ^ 7 ^ la ta»lx:rtlA'03 scfi .*oats botaerzo 

• aedaiahaJJi ** 9.” as sqpda ’zwnet fieaa adt al y^Limaltla^a 

flviicX ytXiSHj XlTM'’^ bsc’atft iK ^.tC^ysj-yoD lo 

Ig auliMsi acit J^9dB.tIqpaQoas a^ o'wfpb sall'x«;tc»9 K^aesrcsoX 

evsd o^ trxfts^'p Ar^itttf zaSaaunmi at tt £cn spod barsy:iia eiit ‘lo csotialltoao 
,yjx)d L&.i 2 Xas 9 *xcia ai'^t zol kozaal &ai.($a&& ecl;^ sso •gnsiXljui’ taxun sdJr 

aoXialzztSoK'zmyt rtmiAo txm '* 1" %o cssxi-aafr^ s al zo&ot,! mlS 

oalM ai i^zb Itj ta&Iortlaoo ad^ (T^) batas^ct t» tud ypjd adi to 

at qO tK>tS»lSJ:r)90 *t» lx2>an e^’uil ta ^ mujitl tsl xre»» «tA V‘ to s 

.Md‘’9ib •aXXni{»^ cra& vaUjssija ata&sazqa^i a til]' ,'* 9 l*' slX aa^mAu u. sviJ^lsMsi a«Ql 
X^ttiBiilxozqqu aaXzm ^icsaak vdi ssoXtalSl jao to ttLa , sgiiil^vxotsriAxfT 

ins a^assioab ''^'* os xfblW^ ana&&ioal ^0 0k>Xw^sX^Xc«o t tUwz ‘xalXmca tk 
^£iM aXdT ,‘w^vm”* u ald^- x/d .tsaanuJulal x^iQsazSn fttm at •mtatl ^cl'j.ab «di 

Sia .&««s»^-}cs aaf 

qO >=!> ^ 

.•9«ui«rt9*6 " y* as gs aX •ssot'i&a ^azdl0l^mltt 

-9Z x£l»tt-a»i m»x-3su laalttTiemU *<v» to aoi JoiTSv ad.- amdr it *xjoJ:t 

aXifi .dttat «UX* 3 »fziso to aoiXoaut s as ^sai. Xo sdt so acnal J 6 ma J i0 r ta 
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it ft coBi>i&atloo of tbftory sod e»gperljfterit8l v«lusa. Per esch center- 
line depth vftft coopted fr<»a equation (35)< The v«1xj» of vas 

MMX 

then cftlculfttftd on tbs b«8ift of esg^riffientnl ralueft of laeosured in ri- 
gidly restrained tests. Since both a positive end negative value for F^c%:> 
were recorded at each d^th, tvo values of 2^ are sbovn in Figure 36 for 
•ach SftriftB of testr runs. The curve cosanectlng these points represents the 

f 

theoreticsl variation of aft a function of centerline depth. It smy be 
seen frosi the Figure that no optimua d^th is Indicated but a aariwin force 
does occur near a centerline depth ratio of 3- In a prototype installation 
this depth should be avoided. 

But of greater ftigolficaace than ceterline depth in this consideration 
i0 the reduction in " / " idiich produced grecfter centerline depth the Bost In- 
teresting aspect of this study proved to be the xvsrked iiu;rease noted in the 
coefficient of drag as ** disdnished. Several reaaoas ere considered to be 
rai^uaible for this phenoaena> thaee axe; 
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~v^o9f> tdi .tai. Jny .bdn S» « ai. 

9mr V> ai^v «a:f .«£l) «• d4q*»t> miX 
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esUt a;teea«a^|iit sn^ taa .Mirt a'^o 

9<f ^gm m&Xlrt4*m^ so 9eXi^ocu:i a sub ^ ijsoX'vutu^ 

mcnol mmiium u ii^ int-^BaXhttl al A&qpt off tJufcf mxx^ iskmi 

aol^all0.taaX a iti .C ol^cn ..>9»ii a *ii*«{.t ‘*.;9n%/ «•>»& 

• bt^ .ave. end Idtsciia AS^tA cXd^ 

naldj*'Xft&l«aoo nJ: siJ^ott aoilo^SA: —r, 1k> 

•ni ;)*aci9 6i(d ^.Jq&b oaJLIv« jo«o iA,tA9*x:^ l)90«4M*'«q sLiLds* ul *iS itl 

Otis ai ^<s^?e tDRAbytOLl Imi'^aa sd;f sd dX bAvzrsq. siisit dd«ip0 ^tsem't&i 

wS ot btn9iil<Ui.oo 9'» a. c****! I4rs»r?'3 .I>!Sflai:aiattb aa jatI to ,tat&Xi>ill;»oo 

■•arid ^Attaaioaadt^ aliti 'loi »id!«.ie4apt 
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1) The po«slbillty of earlier oarparatloa ood greater cstergy Xoaa as the 
aoorlfig radltxs decreaeea. Thla a$>p«&rs to be the sost li^rtant effect cmw^ 
ijQg the iacrease in tbe coefficient of drag. Thin is not sui^rislng \6xsn con> 
slderation is given to tbs ULcw of stresoilinee around the body. Figpxre 37 is 
Intended to depict the possible sepsxstion that nsy result es the body causes 
grester distufbsnce to the free flow of fluid around it at shorter radii of 
oscillations. 

2) assuzcpticsMi vhich lad to the derlvaticai of equation (^7) which defines 
Cq. It is based <si the criterion of e^iraleot dlssjlpative vorh dox» during 

a cycle* ^Qads approxlnaitlon proved successful when applied to solve the q.usd« 
ratio danplng equatiem of sxjtion. Ihe techni^ie is to replace the quadratic 
dasping coefflcl«it vlth an eq^valent linear dcaplng coefficient. The ob- 
•erved decrcsental decay of tha free vibrations tdilch are in fact the result 
of quadratic daeping, are tlian uaed to evaluate the coefficient of drag de* 
fined In teraa of the aq,\iivaleat linear dasplng coefficient. 

3) She poasibillty of interference between the object and bottom of the tank 
as the radius of oscillation is ahortened. Snergy loss in this interaction 
would result pro' bshly in izx$rsased drag with decreasing iox>ring liz» length. 

4} Cliasga in projacted area of the body normal to fluid streamlines* 
projected area normal to the flov will Increase as the radius is shortened, 

Cxis would xa»ilt in an increase in drag and would be more acctxrately reflectod 
in the product of and area. But simse cross sectional area is treated as 
a constant any Increase in drag would appear only as an increase in the drag 
coefficient. 



•* MoX km ‘svil’tm lo 3 ^ (1 

~msmo ^o^l’iab JMa iMld* etf o^ vamw «L‘9 eriJten ^ZSi’iooa 

•aoo «9dir 8alt^T<s’iut ioa «1 stif? ,js 0 xb to &a»tJtti»oo ra mmn&ai adS §ol 
•1 OTiQlIC .-^5(Xf aeatJjM»Xvt td va£l e&f airriji kI noI;iirx«s/^Jta 

aaemo yfic^d adS m aotSsta^ tildiajr>oq adf ftoi-iiab o>f i/tkas^t 

to tUMrs ‘mttoda it JkUKTto klvlt to 'Wolt omfi adt oi aomdrisd^lk raimtji 

aaoJttaJ^ xt9j;r£tf (V<!) ooi^iKift to adJ oi J&)k£ ttoJ:d*r aaoJ:S(jpafmo atiV (S 

gffi*£ufc aaob ihcw Ss»JjsviJJ$* to awitaxii-xo esd^ tso Jbamaef ai il .qP 

>.&auip adS tnr.Coa oi X>eiX^]i3» rndv Xu^a«»oot!a bmort^i ssat^iikiiJUi^qjisD ai^ • 

eoi chi zl ae^pl/Ktoa^ ot^T noik^m to aoiimos>o titiJay: 

-(So sdT gaitpBd 7jeaoJ;X inaXjaeTJLuj»a oi» iooioXI'^eco 

ajjaaea i*a«l cl dotsitr aaolirrilv awr<irt aril *to \iaae& XiOicaamaafe bartaa 
-ab sax^ to adi aiauinsra oi ^xi oai*^ ersM ,^U<$vutX* to 

.&r&i.OA:t!tifO!> T^aolX adi l:o a?ri!fi d J&aolt 

daaS adt to «oiiotf Jbas --swiad a»?atfz»'iT»icl ^o >jii.Xldla»o^ asfS {£ 

coilsaxaial aldi ol aasoX xs^oaS. .ba^a^f-oai^ »• «»» iaXIl oao lo ax;ifi«rt adi aa 
.digcad aoiX j^^xocw £cls«5xoaJ!> diiw QO'xb fcaaanaBLC ai ^£tfa*# oxqt slmarc blucar 

atiT .a«zlJau3rs^ 1^X(;J.1 oi XaiexQa x&od adi lo aena J[>i^^oa(,oxq ol (^ 

.Jboftdixaato al mabarz edi ea mmcxociI XXlv voX?. odi oi Imaoci m&m Jbaioatoxq 
fiaicnXlax xXaiaiu/ooa axoa ad ALDuor £aa 4«x£> at ammoaX m al iXjaax bXtPca? aldX 
aa baia«rxi al a»tm Xsooliswi aaoxo aecle i£fi .maa bra qO to iaubcxt adi si 
Iftaxl) adi at saanool cm aa xXoo xaaqtsa kUrciv ■«.• aasrtod xpa inoimctoo a 
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!Qw occuyttoce of mcsy or «U of the eboTO^ «8 the radius of os« 
ciUstioa is shorteaed, aotild account for the increase in the doefficient 
of drag. She results obtained froc the ssiplication of equation (31) led 
to good agrettoent vlth « 3 iperl»tnt and provide a strong argusient for the 



validity of this equation 
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Horizontal A\aximonri Port/all/ Restrained Force, 




Figure 36. Variation of Theoretical Maximum Partially Restrained 

Force with Centerline Depth Ratio 




Figure 37. Effect of Radius of Oscillation on Fluid Flow Past 

a Body 
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Tte »»»t dlfflcxilt probleffli ©KJountered in this study involved the ac- 
curate d«terEilnctic»a of tht dras cf tbs soored body, «s reflected in the co> 
•fflcieixt of drag, vith chKages ta the radius of oscillation. 

Mhlle the coefficient of dras appeared to be adequately defined by efLa* 
tion (57) several ig)proxie«tloaa were necessary to obtain this solution. TbsG& 
igtproxinatloas ecmld be avoided by utllixins core direct oethods of measuring 
the drag. 

As a possibility for furthar researcdi and a sore direct approach to the 

•% 

problem It is suggested that an arbitrary eiupe be caused to rotate with 
steady angular velocity, in atill water and Its drag moesured at various radii 
of rotation. It would be possible in this manner to isolate the effect of 
separation, due to interfexesce with streasilined flcsr, and bottom Interaction 
effects. At very great redll of oscillation the body motiou would tend to 
sppioach rectilinear traaoslation, this trend is iiviicated in Figure 29 by 
flsttening of the curve toward the steady state value at the longer radii. 

At zero radius of oscillation the body would be rotating about its own 
center of gravity. For this condition it is perhaps most readily agpfpar«xt 
that there will be a much larger drag coefficient than for the case of steady 
rectilinear flow. 

Although It aPP*srs reasonable to expect that the increase m drag at 
•bortar radii is core severe with elongated bodies than, for instance, apberi> 
cal bodies, quantitative information on this aspect of the effect of sluqpe 
is not zKsr available and is suggested as a topic for furtlwer study. 



•o« &9Vlcrfal t:ldi al bsrt^iasowt fml<S9^q tlaoifttlb ;)•«£( ad? 

<>03 tit oi: 6a;^aa£l;rx aa ^xl^iod b^riooat tdt ^ s«x*> ad;i’ lo acl:;j»alariOiab tt»’wo 
.aolftJStotto lo ar'Jtfua'x tH' 'rl bioQfmxLo dJtv ,,ienb J^M•A3ltta 
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Ammux A > SilHPLg CALCULATICiiS 

KATusAL rmmsm m> forcs lutcanFiCAnc^ 

Given; T»wt Model taider ccuaditions of test 

Ifodel «od Mborlaa; Sy»te» Ch a racteriatics 
tkmx s O.SOS ft 

Total Volune * 0.027^ ca.ft (Calculated) 

/s 1.112 ft 

Total Weli^, ms » 1.070 lbs 
Model Weight, Vn^g *> 0.9^6 lbs 
Filer Haight, ^ s 0.104 iSo 

Wave Charceteristics 

H « 0.289 ft T * 2.00 sacs 

L 5 14.45 ft f = 0.500 cps 

d • 2.00 ft 

Physical constants 

Dex»ity of water, p a 1.94 slugs/cu.ft 
Accaleratics; of gravity, g s 32.2 ft /sec^ 

Added mss coefficient, K * O.05, (c^ = 1.05) 

Drag coefficient* C^= 0.46 {fnfu're. 

Average Haxlamia force an rigidly jrealnrained laodel 

ilgaB « 0.1117 lbs (es^rimnt) 



Required: Theoretical natural frequency and horiiontal force mltiplicatioa 
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4l &a«i ^ iinot^lteDO laftcar i'jJkiM imi9 imvlO 

m>i> eS yai » idM bm Xa lfaM 
<T 1 6 OS.O c xmS. 

{b9^jM!:iSM0) l^.trn 4yS0.0 = enaijXvV 

^ 3IX.X = V 
901 rtTo.X * #»([ 

8 iTX dtNi.O • 9 ^ Sn^xM 

wdS. 4Cfi,S> 3 

^aX i rXTCchm^iiO yroW 

•doa CK).S « T CSC.O e It 

•qo 00?, 0 « 1 ^ = J. 

00 . X • & 

aitant^noop Jj goxa-^ 

i ^ lo VXaMd 

^-asMiX S.S£ = 9 %o aoid«iaX»»oA 

(?0.X = f,p) * 35 ifn»i^t\aoo aa*. 

(p^ i-yu|p.) ^<^.0 iio9<toVi^tmsi M*sfl 

X93k>« i>3i!i!#tf»»n IP a>ot>yWt ^ jyifai^ 

(^^cnrtl'je^s;!*} aiX TXXX.O • 



imxiix A (coot'd) 



T3. 



C»Icul»tlcm 

'I2. 

X IS I 



1 [b1 

" TtT [xj 



%^re A c 1 -t- X’ 
jsad B a (Vol f?s - ag) jf 



( 23 ) 

( 25 ) 

( 26 ) 



X > tccmmA of tatrtla of mdtl oibcftit «achor point of ocoring Xim* 
tfao pax«ll«l axle theorea 
la loo 

tdicre I 09 ie tbo HoiRent of inertia of the body alK>ut its own center of 
gra»lty. 



Is order to eiiqpliXy the calciilatione loo vlU be found by treating the 
jDodsX ehaipe as a solid ellipsoid of mvolutics of conetnnt dkusaity. The error 
introduced will be of minor cifinlfictmce since the rsliMs of I 00 is asnell coa- 
psred. to the value H ^ ^ 

Ibr ao a^mlant ellipaold 

I®® * H b^) = 0.00234 slugs ft'* 

5 IW 

whsre^ troKL Figure 13# a ~ major radius s 7 ** 

b •• fidnor radius « 1 . 25 ^ 

Therefore l^Ioo+H/^s 0.00234 0.04l2 = 0 . 0 U 354 el^ir, 

I* * YlrtuBl iraas moneat of inertia 
I' * I'o© ^ 

1’ • K p Vol = O.OCS2655 
1*00 " K’ (a^ 4- b^) s 0.00132 slugs ft^ 

T '"M" ■ 

1‘ » 1*00 ■*- ai = O.OOOias -f- 0.003235 = 0.C»3}+6T slugs ft^ 
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APPENDIX A (Cont'd) 

Therefor© A = I -t-I* = 0.04354 0.003467 = 0.04700 slug 




aarlzontal Multiplication Fector Calculation 




i*»re »2 : 0ae^U_5iaa J:. , 

i2ir^ 

Hg 5 .0658 

•% 

f » 0.807 

Therefore, fron e<ju*tion (35) or Figure 4 
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AFFlSiroiX B - SAMPLE CALCUXJIEriCai 



co^iciEifT OP tma 

Given; Test IfodaX Uxider conditlono of test free osclXletion 



Model and Mooring systec characteristics 
Dauc s 0.208 ft. 

Total Volxzae = 0.027^ cu ft (calculated) 

1.112 ft. 

Total Velght og • I .070 lbs 
Hat Buoyancy H - 0.64o lbs 



83g)eriiaental data from free oscillation record 

Batio of aisBplitudes of tvo successive cycles ? (^n s 1.421 
Masdixua horizontal force ccaapaa&xtt associated vlth 



Coaffieient of drag calculation 



:: tan 



H 



Therefore f xmx 



: tan 

o.tAo 



-1 

tan Pg 
; radians 



^ 3l 

(ptmx 
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vhere A s<1.0470 slug ft from Appendix A 
Therefore 0.480 
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APPENDIX C - TEST RESULTS 






Run 

CenterlliMi Multiplication Factor 

Depth (1-12) f/fn Horizontal Vertical 



0.291 ft. 




4- 








1 


"033 




1:963 


1.022 


1.000 


2 


0.937 


2.935 


3.150 


2.520 


2.260 


3 


0.965 


3.230 


3.440 


3.290 


3.440 


k 


1.061 


2.510 


2.900 


3.660 


3.900 


5 


1.154 


1.640 


1.950 


2.620 


3.590 


6 


1.269 


1.300 


1.360 


1.875 


3.530 


7 


1-350 


1.080 


1.260 


2.385 


1.872 


8 


1.412 


0.983 


1.130 


2.385 


1.860 


9 


1.649 


0.770 


0.650 


1.910 


1.730 


10 


1-717 


0.770 


0.840 


2.362 


1.950 


11 * 


2.425 


0.193 


0,400 


1.910 


1.450 


12 * 


2.780 


1-987 


1.120 


1.255 


1.090 


Center line 

Depth (13-23) 


■a 








0.720 ft. 


13 


0.707 


2.110 


2.481 


1.135 


1.890 


14 


0.810 


2.190 


2.700 


l.lSO 


1.485 


15 


0.850 


2.620 


3.160 


1.362 


1.710 


16 


0.916 


3.160 


3.5 'h 3 


2.360 


2.870 


17 


0.980 


3.610 


3.900 


4.780 


6.000 


18 


1.172 


1.225 


1.315 


2.590 


3.260 


19 


1.304 


0.687 


1.160 


2.330 


2.910 


20 


1.460 


0.623 


0.662 


2.180 


2.740 


21 


2.100 


0.582 


0.598 


1.500 


1.890 


22 * 


2.500 


0.194 


0.199 


6.270 


1.942 


23 * 


3.000 


0.097 


0.099 


10.360 


_■ l.S>j^ 


Center line 


Depth (24-35) 










1.352 ft. 


24 


0.548 


1.438 


2.025 


2.000 


3.900 


25 


o.6u 


1.420 


1.675 


2.550 


4.670 


26 


0.634 


1.420 


1.768 


2.550 


4.000 


27 


0.675 


1.420 


1.850 


2.550 


3.120 


2d 


0.720 


1.700 


1.950 


1.820 


2.225 


29 


0.784 


1.700 


2.150 


2.505 


3.060 


30 


0.859 


2.060 


2.435 


3.460 


3.230 


31 


0.893 


2.180 


2.700 


5.100 


4.670 


32 


1.032 


4.190 


7.690 


27.300 


17.900 


33 


1-057 


5.000 


7.180 


25.500 


15.570 


34 * 


1.440 


1.020 


2.020 


16.420 


7.500 


35 ♦ 


1.640 


3-190 


3.?4 o 


16.420 


6.290 



♦ Slacking in isoPring lino 

** Test Object Struck Botton of Wavs Tank on Forward Swing 
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